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The  present  is  the  eighth  edition  of  a  work  which  appeared 
more  than  twenty  years  ago,  and  was  the  earliest  attempt  to 
present  the  history  of  the  invention  of  the  Steam  Engine 
and  an  exposition  of  its  structure  and  operation  in  a  form 
and  style  which  should  be  intelligible  to  the  public  in 
general.  Some  time  previous  to  its  publication  the  author 
had  been  requested  by  the  Royal  Dublin  Society  to  deliver 
at  their  theatre  a  course  of  popular  lectures  on  this  subject. 
These  lectures  were  very  numerously  attended,  and  the 
Society,  considering  them  as  deserving  of  some  mark  of 
their  approbation,  besides  the  customary  acknowledgment, 
voted  a  gold  medal  to  be  presented  to  the  author  bearing  a 
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IV  ADVERTISEMENT. 

suitable  inscription.  These  lectures  were  soon  after  re- 
duced to  a  form  suited  for  publication,  and  supplied  the 
materials  for  the  first  edition  of  the  present  treatise. 

In  the  successive  editions  through  which  the  work  has 
passed,  it  has  undergone  such  modifications  as  the  progres- 
sive improvement  and  extension  of  steam  power  rendered 
necessary.  In  its  present  form  it  is  intended  to  convey  to 
the  general  reader  that  degree  of  information  respecting 
steam  power  and  its  principal  applications,  which  well- 
informed  persons  desire  to  possess.  It  is  written  in  language 
divested  of  mathematical  and  mechanical  technicalities,  so 
that  the  details  of  the  machinery,  and  the  physical  prin- 
ciples on  which  they  depend,  will  be  generally  intelligible. 
In  former  editions,  much  space  was  occupied  by  historical 
and  biographical  matter,  as  well  as  by  the  description  of 
engines  which  have  long  since  become  obsolete,  and  which, 
not  forming  a  necessary  link  in  the  chain  of  invention, 
may  be  considered  superfluous.  The  space  has  been  in  the 
present  edition  more  usefully  occupied  by  other  matter. 

The  Second  and  Third  Parts  are  for  the  most  part  new. 
In  the  third  chapter  of  the  Second  Part  will  be  found  a 
review  of  the  progress  of  Steam  Navigation,  from  its  first 
establishment  in  1812  to  the  present  day.  This  chapter 
also  contains  the  refutation  of  those  absurd  reports  which 
have  been  generally  circulated,  imputing  to  the  author 
opinions  as  to  the  impossibility  of  the  Atlantic  voyage, 
which  are  precisely  the  reverse  of  those  he  really  expressed. 
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PART  I. 

THE   STEAM   ENGINE. 


CHAPTER  I. 

ORIGIN'    OF    THE    INVEXTION   A>"D    EARLIEST    ATTEMPTS   AT 
ITS   APPLICATION. 

(1.)   The   Steam   engine   a   subject  of  popular   interest.  — 

The   history  of  the   steam-engine   offers  to  our   notice  a 

series    of   contrivances   which,   for   exquisite    and   refined 

'  ingenuity,    stand   without   any   parallel   in   the   annals   of 

;  mechanical   science.     These   admirable   inventions,    unlike 

j  other  results  of  scientific  inquiry,  have  also  this  peculiarity, 

f  that,  to  understand  their  excellence  and  to  perceive  their 

I  beauty,  no  previous  or  subsidiary  knowledge  is  necessary, 

i  save  what  may  be  imparted  with  facility  and  clearness  in 

the  progress  of  the  explanation    and   development  of  the 

r^achine  itself.     A  simple  and  clear  exposition,  divested  of 

needless  technicalities  and  aided  by  well-selected  diagrams, 

is  all  that  is  required  to  render  the  construction  and  operation 

,  of  the  steam-engine,  in  all  its  forms,  intelligible  to  persons 

of  plain  understanding  and  moderate  information. 

But  if  the  contrivances  by  which  this  vast  power  is  brought 
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to  bear  on  the  arts  and  manufactures  be  rendered  attractive 
by  their  great  mechanical  beauty,  how  much  more  imposing 
will  the  subject  become,  when  the  effects  which  the  steam- 
engine  has  produced  upon  the  well-being  of  the  human  race 
are  considered!  It  has  penetrated  the  crust  of  the  earth, 
and  drawn  from  beneath  it  boundless  treasures  of  mineral 
wealth,  which,  without  its  aid,  would  have  been  rendered 
inaccessible;  it  has  drawn  up,  in  measureless  quantity,  the 
fuel  on  which  its  own  life  and  activity  depend;  it  has 
relieved  men  from  many  of  their  most  slavish  toils,  and 
reduced  their  labour  in  a  great  degree  to  light  and  easy 
superintendence.  To  enumerate  the  benefits  it  has  conferred, 
would  be  to  count  almost  every  comfort  and  every  luxury  of 
life.  It  has  increased  the  sum  of  human  happiness,  not  only 
by  calling  new  pleasures  into  existence,  but  by  so  cheapening 
former  enjoyments  as  to  render  them  attainable  by  those 
who  before  could  never  have  hoped  to  share  them :  the 
surface  of  the  land  and  the  face  of  the  waters  are  traversed 
with  equal  facility  by  its  power;  and  by  thus  stimulating 
and  facilitating  the  intercourse  of  nation  with  nation,  and 
the  commerce  of  people  with  people,  it  has  knit  together 
remote  countries  by  bonds  of  amity  not  likely  to  be  broken. 
Streams  of  knowledge  and  information  are  kept  flowing 
between  distant  centres  of  population  ;  those  more  advanced 
diffusing  civilisation  and  improvement  among  those  that  are 
more  backward.  The  'press  itself,  to  which  mankind  owes 
in  so  large  a  degree  the  rapidity  of  their  improvement  in 
modern  times,  has  had  its  power  and  influence  increased  in 
a  manifold  ratio  by  its  union  with  the  steam  engine.  It  is 
thus  that  literature  is  cheapened,  and,  by  being  cheapened, 
diffused  ;  it  is  thus  that  Reason  has  taken  the  place  of  Force, 
and  the  pen  has  superseded  the  sword  ;  it  is  thus  that  war 
has  almost  ceased  upon  the  earth,  and  that  the  differences 
which  inevitably  arise  between  people  and  people  are  for  the 
most  part  adjusted  by  peaceful  negotiation. 

Deep  as  the  interest  must  be  with  which  the  steam  engine 
will  be  regarded  in  every  civilised  country,  it  presents  pecu- 
liar claims  upon  the  attention  of  the  people  of  Great  Britain. 
Its  invention  and  progressive  improvement  are  the  work  of 
our  own  time  and  our  own  country  ;  it  has  been  produced 
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and  matured  within  the  last  century,  and  is  the  almost  ex- 
clusive offspring  of  British  genius,  fostered  and  sustained  by 
British  enterprise  and  British  capital. 

(2.)  Mechanical  virtue  conferred  by  it  on  coals.  —  The 
steam  engine  is  a  mechanical  contrivance,  by  which  coal, 
wood,  or  other  fuel,  is  rendered  capable  of  executing  any  kind 

labour. 

Coals  are  by  it  made  to  spin,  weave,  dye,  print  and  dress 
silks,  cottons,  woollens,  and  other  cloths;  to  make  paper, 
and  print  books  upon  it  when  made ;  to  convert  com  into 
flour ;  to  express  oil  from  the  olive,  and  wine  from  the 
grape  ;  to  draw  up  metal  from  the  bowels  of  the  earth  ;  to 
pound  and  smelt  it,  to  melt  and  mould  it ;  to  forge  it ;  to 
roll  it,  and  to  fashion  it  into  every  desirable  form  ;  to  trans- 
port these  manifold  products  of  its  own  labour  to  the  doors 
of  those  for  whose  convenience  they  are  produced  ;  to  carry 
persons  and  goods  over  rivers,  lakes,  seas,  and  oceans,  in 
opposition  alike  to  the  natural  difl&culties  of  wind  and  water  ; 
to  carry  the  wind-bound  ship  out  of  port ;  to  take  the  vessel  of 
war  and  place  her  side  by  side  with  the  enemy ;  to  transport 
persons  and  intelligence  over  the  surface  of  the  deep,  and  to 
convey  them  by  land  from  town  to  town,  and  from  country 
to  country,  with  a  speed  as  much  exceeding  that  of  the  or- 
dinary wind  as  the  ordinary  wind  exceeds  that  of  a  common 
pedestrian. 

Such  are  the  virtues,  such  the  powers,  which  the  steam 
engine  has  conferred  upon  coals. 

The  means  of  calling  these  powers  into  activity  are  sup- 
plied by  a  substance  which  nature  has  happily  provided  in 
unbounded  quantity  in  every  part  of  the  earth ;  and  though 
it  has  no  price,  it  has  inestimable  value :  this  substance  is 

"WATER, 

(3.)  Mechanical  effect  produced  hy  evaporating  a  pint  of 
water.  —  A  pint  of  water  may  be  evaporated  by  about  two 
ounces  of  coals  of  average  quality.  In  its  evaporation  it 
win  swell  into  seventeen  hundred  times  its  volume,  exert- 
ing a  mechanical  force  equivalent  to  thirty-five  tons  weight 
raised  one  foot.  If,  after  being  evaporated,  it  be  allowed  to 
expand,  in  virtue  of  its  elasticity,  a  further  mechanical  effect 
will  be  developed,  equivalent  to  about  seventy  tons  raised  one 
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foot.  Thus,  a  pint  of  water  and  two  ounces  of  coal  become 
the  source  of  a  mechanical  power  sufficient  to  raise  about 
one  hundred  tons  weight  to  the  height  of  one  foot. 

(4.)  Example  of  raihvay  transport.  —  The  circumstances 
under  which  the  steam  engine  is  worked  on  a  railway  are 
not  favourable  to  the  economy  of  fuel.  Nevertheless,  a 
pound  of  coke  burned  in  a  locomotive  engine  will  evaporate 
about  five  pints  of  water.  In  their  evaporation  they  will 
exert  a  mechanical  force  sufficient  to  draw  three  tons  weight 
on  a  level  railway  a  distance  of  one  mile  in  two  minutes. 
Four  horses  working  in  a  stage-coach  on  a  common  road  are 
necessary  to  draw  the.  same  weight  the  same  distance  in 
eight  minutes. 

A  train  of  coaches  weighing  about  eighty  tons,  and  trans- 
porting two  hundred  and  forty  passengers  with  their  luggage, 
has  been  taken  from  Liverpool  to  Birmingham,  and  back 
fi'om  Birmingham  to  Liverpool,  the  trip  each  way  taking 
about  four  hours  and  a  quarter,  stoppages  included.  The 
distance  between  these  places  by  the  railway  is  ninety-five 
miles.  This  double  journey  of  one  hundred  and  ninety  miles 
was  effected  by  the  mechanical  force  produced  in  the  com- 
bustion of  four  tons  of  coke,  the  value  of  which  is  about 
five  pounds.  To  carry  the  same  number  of  passengers  daily 
between  the  same  places  by  stage-coaches  on  a  common  road, 
would  require  twenty  coaches  and  an  establishment  of  three 
thousand  eight  hundred  horses,  with  which  the  journey  in 
each  direction  would  be  performed  in  about  twelve  hours, 
stoppages  included. 

The  circumference  of  the  earth  measures  twenty -five 
thousand  miles  ;  if  it  were  begirt  with  an  iron  railway, 
such  a  train  as  above  described,  carrying  two  hundred  and 
forty  passengers,  would  be  drawn  round  it  by  the  combustion 
of  about  thirty  tons  of  coke,  and  the  circuit  would  be  accom- 
plished in  five  weeks. 

(5.)  Examples  illustrating  the  mechanical  effect  produced 
by  steam.  —  In  the  drainage  of  the  Cornish  mines  the 
economy  of  fuel  is  much  attended  to,  and  coals  are  there 
made  to  do  more  work  than  elsewhere.  A  bushel  of  coals 
usually  raises  forty  thousand  tons  of  water  a  foot  high  ;  but 
it  has  on  some  occasions  raised  sixty  thousand  tons  the  same 
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height-  Let  U3  take  its  labour  at  fifty  thousand  tons  raised 
one  foot  high.  A  horse  worked  in  a  fast  stage-coach  pulls 
against  an  average  resistance  of  about  a  quarter  of  a  hundred 
weight.  Against  this  he  is  able  to  work  at  the  usual  speed 
through  about  eight  miles  daily ;  his  work  is  therefore 
equivalent  to  one  thousand  tons  raised  one  foot.  A  bushel 
of  coals  consequently,  as  used  in  Cornwall,  performs  as  much 
'"bour  as  a  day's  work  of  fifty  such  horses. 

The  great  pyramid  of  Egypt  stands  upon  a  base  measuring 
seven  hundred  feet  each  way,  and  is  five  hundred  feet  high, 
its  weight  being  twelve  thousand  seven  hundred  and  sixty 
millions  of  pounds.  Herodotus  states,  that  in  constructing  it 
one  hundred  thousand  men  were  constantly  employed  for 
twenty  years.  The  materials  of  this  pyramid  would  be  raised 
from  the  ground  to  their  present  position  by  the  combustion 
of  about  four  hundred  and  eighty  tons  of  coals. 

The  Menai  Bridge  consists  of  about  two  thousand  tons  of 
iron,  and  its  height  above  the  level  of  the  water  is  one 
hundred  and  twenty  feet.  Its  mass  might  be  lifted  from  the 
level  of  the  water  to  its  present  position  by  the  combustion  of 
four  bushels  of  coal. 

(6.)  Exhaustion  of  coal  mines  improbable.  —  The  enor- 
mous consumption  of  coals  produced  by  the  application  of 
the  steam  engine  in  the  arts  and  manufactures,  as  well  as  to 
railways  and  navigation,  has  of  late  years  excited  the  fears 
of  many  as  to  the  possibility  of  the  exhaustion  of  our  coal- 
mines. Such  apprehensions  are,  however,  altogether  ground- 
less. If  the  present  consumption  of  coal  be  estimated  at 
sixteen  millions  of  tons  annually,  it  is  demonstrable  that 
the  coal-fields  of  this  country  would  not  be  exhausted  for 
many  centuries. 

(7.)  Other  scientific  discoveries  may  supersede  steam.  — 
But  in  speculations  like  these,  the  probable,  if  not  certain 
progress  of  improvement  and  discovery  ought  not  to  be  over- 
looked ;  and  we  may  safely  pronounce  that,  long  before 
such  a  period  of  time  shall  have  rolled  away,  other  and 
more  powerful  mechanical  agents  will  supersede  the  use  of 
coal.  Philosophy  already  directs  her  finger  at  sources  of 
inexhaustible  power  in  the  phenomena  of  electricity  and 
magnetism.      The    alternate   decomposition   and   recompo- 
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sition  of  water,  hy  electric  action,  has  too  close  an  ana- 
logy to  the  alternate  processes  of  vaporisation  and  condens- 
ation, not  to  occur  at  once  to  every  mind  :  the  development 
of  the  gases  from  solid  matter  by  the  operation  of  the 
chemical  affinities,  and  their  subsequent  condensation  into 
the  liquid  form,  has  already  been  essayed  as  a  source  of 
power.  p[n  a  word,  the  general  state  of  physical  science 
at  the  present  moment,  the  vigour,  activity,  and  sagacity 
with  which  researches  in  it  are  prosecuted  in  every  civil- 
ised country,  the  increasing  consideration  in  which  scientific 
men  are  held,  and  the  personal  honours  and  rewards  which 
begin  to  be  conferred  upon  them,  all  justify  the  expectation 
that  we  are  on  the  eve  of  mechanical  discoveries  still 
greater  than  any  which  have  yet  appeared ;  that  the  steam 
engine  itself,  with  its  gigantic  powers,  will  dwindle  into 
insignificance  in  comparison  with  the  energies  of  nature 
which  are  still  to  be  revealed ;  and  that  the  day  will  come 
when  that  machine,  which  is  now  extending  the  blessings  of 
civilisation  to  the  most  remote  skirts  of  the  globe,  will  cease 
to  have  existence  except  in  the  page  of  history. 

(8.)  Object  of  this  work.  — The  object  of  the  present  volume 
will  be  to  deliver,  in  an  easy  and  familiar  style,  an  historical 
view  of  the  invention  of  the  steam  engine,  and  an  exposition 
of  its  structure  and  operation  in  the  various  forms  in  which 
it  is  now  used.  It  is  hoped  that  the  details  of  these  subjects 
may  be  rendered  easily  intelligible  to  all  persons  of  ordinary 
information,  whether  urged  by  that  natural  and  laudable 
spirit  of  inquiry  awakened  by  contemplating  effects  on  the 
material  and  social  condition  of  our  species,  so  rapid  and  so 
memorable  as  those  which  have  followed  the  invention  of 
the  steam  engine,  and  by  the  pleasure  which  results  from  the 
perception  of  the  numerous  instances  of  successful  contriv- 
ances and  beautiful  applications  of  science  to  art  which  it 
unfolds,  —  or  impelled  by  the  exigencies  of  trade  or  profes- 
sion to  acquire  the  acquaintance  with  a  machine  on  which, 
more  than  any  other,  the  prosperity  of  our  commercial  and 
manufacturing  interests  depends.  It  will  be  our  aim  to  afford 
to  the  former  class  all  the  information  which  they  can  re- 
quire ;  and,  if  this  work  be  not  as  comprehensive  in  its 
scope,  and  as  minute  in  its  details,  as  some  of  the  latter  may 
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wish,  it  will  at  least  serve  as  an  easy  and  convenient  intro- 
duction to  other  works  more  voluminous,  costly,  and  detailed, 
but  less  elementary  in  their  matter,  and  less  familiar  in  their 
style. 

(9.)  Conflicting  claims  to  the  invention  of  the  steam  en- 
gine.—  The  history  of  the  arts  and  manufactures  affords  no 
example  of  any  invention  the  credit  for  which  has  been 
claimed  by  so  many  different  nations  and  individuals  as  that 
of  the  steam  engine.  The  advocates  of  the  competitors  for 
this  honour  have  urged  their  pretensions,  and  pressed  their 
claims,  with  a  zeal  which  has  occasionally  outstripped  the 
bounds  of  discretion,  and  the  contest  has  not  unfrequently 
been  tinged  with  prejudices,  national  and  personal,  and  cha- 
racterised by  a  degree  of  asperity  altogether  unworthy  of  so 
noble  a  cause,  and  beneath  the  dignity  of  science. 

'•  When  a  question  is  clearly  proposed,  it  is  already  half 
resolved."  Let  us  see  whether  a  careful  attention  to  this 
maxim  will  aid  us  in  the  investigation  of  the  origin  of  the 
steam  engine.  The  source  of  the  power  of  that  machine  is 
found  in  the  following  natural  phenomena. 

First.  When  fire  is  applied  to  water,  the  liquid  swells 
into  vapour,  and  in  undergoing  this  change  exerts,  as  has 
been  already  stated,  a  considerable  amount  of  mechanical 
force.  This  force  may,  by  proper  means,  be  rendered  appli- 
cable to  any  purpose  for  which  labour  or  power  is  needful. 

Second.  The  vapour  so  produced  is  endowed  with  the 
property  of  elasticity,  in  virtue  of  which  it  is  capable  of 
swelling  or  expanding  into  increased  dimensions,  exerting, 
as  it  expands,  a  force,  the  energy  of  which  is  gradually  di- 
minished as  the  dimensions  of  the  vapour  are  increased. 
This  mechanical  force  is  likewise  capable  of  being  applied  to 
any  useful  purpose  for  which  labour  or  power  is  necessary. 

Third.  This  vapour  is  capable,  by  proper  means,  of  being 
reconverted  into  water ;  and  when  so  reconverted,  it  shrinks 
into  its  original  dimensions,  deserting  the  large  space  which 
it  occupied  as  vapour,  and  leaving  that  space  a  vacuum.  It 
is  known  in  physics,  that  when  a  vacuum  is  produced,  sur- 
rounding bodies  have  a  tendency  to  rush  into  it  with  a  definite 
amount  of  force.  Consequently,  any  agent  which  produces  a 
vacuum  becomes  a  source  of  a  considerable  amount  of  me- 
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chanical  power.  By  its  reconversion  into  water,  therefore- 
steam  again  becomes  a  mechanical  agent. 

Such  are  the  natural  phenomena  in  which  are  found  the 
original  sources  of  all  steam  power.  In  some  forms  of  steam 
engine  one  of  these  is  used,  and  in  some  another,  and  in  some 
the  application  of  all  of  them  is  combined ;  but  in  no  existing 
form  of  steam  engine  whatever  is  there  any  other  source  of 
mechanical  power. 

Neither  these  nor  any  other  natural  forces  can  be  applied 
immediately  to  any  useful  purpose.  The  interposition  of 
mechanism  is  indispensable ;  on  the  invention  and  con- 
trivance of  that  mechanism  depends  altogether  the  useful 
application  of  these  natural  forces. 

The  world  owes  the  steam  engine  then  partly  to  discovery, 
and  partly  to  invention. 

He  that  discovered  the  fact,  that  mechanical  force  was  pro- 
duced in  the  conversion  of  water  into  steam,  must  be  justly 
held  to  be  a  sharer  in  the  merit  of  the  steam  engine,  even 
though  he  should  never  have  practically  applied  his  dis- 
covery. The  like  may  be  said  of  him  who  first  discovered 
the  source  of  the  mechanical  power  arising  from  the  ex- 
pansion of  steam.  The  discoverer  of  the  fact,  that  steam 
being  reconverted  into  water  greatly  contracted  its  dimen- 
sions, and  thereby  produced  a  vacuum,  is  likewise  entitled  to 
a  share  of  the  credit. 

The  mechanism  by  which  these  natural  forces  have  been 
rendered  so  universally  available  as  a  moving  power,  is  very 
various  and  complicated,  and  cannot  be  traced  to  one  in- 
ventor. "  If  a  watchmaker,"  says  M.  Arago,  "  well  instructed 
in  the  history  of  his  art,  were  required  to  give  a  categorical 
answer  to  the  question.  Who  has  invented  watches  ?  he  would 
remain  mute ;  but  the  question  would  be  divested  of  much 
of  its  difficulty  if  he  were  required  separately  to  declare  who 
discovered  the  use  of  the  main  spring,  the  different  forms  of 
escapement,  or  the  balance  wheel."  So  it  is  with  the  steam 
engine.  It  is  a  combination  of  a  great  variety  of  con- 
trivances, distinct  from  each  other,  which  are  the  production 
of  several  inventors.  If,  however,  one  name  more  than  the 
rest  be  entitled  to  special  notice  ;  if  he  is  entitled  to  the 
chief  credit  of  the   invention   who  by  the  powers  of  his 
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mechanical  genius  has  imparted  to  the  steam  engine  that 
form,  and  conferred  upon  it  those  qualities,  on  which  mainly 
depends  its  present  extensive  utility,  and  by  which  it  has 
become  an  agent  of  transcendant  power,  spreading  its  bene- 
ficial effects  throughout  every  part  of  the  civilised  globe, 
then  the  universal  voice  will,  as  it  were  by  acclamation, 
award  the  honour  to  one  individual,  whose  pre-eminent 
genius  places  him  far  above  all  other  competitors,  and  from 
the  application  of  whose  mental  energies  to  this  machine 
may  be  dated  those  grand  effects  which  render  it  a  topic  of 
interest  to  all  for  whom  the  progress  of  civilisation  has  any 
attractions.  Before  the  era  rendered  memorable  by  the  dis- 
coveries of  James  Watt,  the  steam  engine,  which  has  since 
become  an  object  of  such  universal  interest,  was  a  machine 
of  extremely  limited  power,  inferior  in  importance  and  use- 
fulness to  most  other  mechanical  agents  used  as  prime 
movers ;  but,  from  that  epoch,  it  is  scarcely  necessary  here 
to  state,  that  it  became  a  subject  not  of  British  interest  only, 
but  one  having  an  important  connection  with  the  progress  of 
the  human  race. 

(10.)  Hero  of  Alexandria,  120  B,  c. —  The  discovery  of 
the  fact,  that  a  mechanical  force  is  produced  when  water  is 
evaporated  by  the  application  of  heat,  must  be  considered  as 
the  first  capital  step  in  the  invention  of  the  steam  engine. 
It  is  recorded  in  a  work  entitled  Spiritalia  seu  Pneumatica, 
that  Hero  of  Alexandria  contrived  a  machine,  120  years  be- 
fore the  Christian  era,  which  was  moved  by  the  mechanical 
force  of  the  vapour  of  water.  The  principle  of  this  machine 
admits  of  easy  explanation :  When  a  fluid  issues  from  any 
vessel  in  which  it  is  confined,  that  vessel  suffers  a  force  equal 
to  that  with  which  the  fluid  escapes  from  it,  and  in  the 
opposite  direction.  If  water  issues  from  an  orifice,  a  pressure 
is  produced  behind  the  orifice  corresponding  to  the  force 
with  which  the  water  escapes.  If  a  man  discharge  a  gun, 
the  gases  produced  by  the  explosion  of  the  powder  issue 
with  a  certain  force  from  the  muzzle,  and  his  shoulder  is 
driven  backwards  by  the  recoil  with  a  corresponding  force. 
If  the  muzzle,  instead  of  being  presented  forwards,  were 
turned  at  right  angles  to  the  length  of  the  gun,  then,  as  the 
gases  of  explosion  would  escape  sideways,  the  recoil  would 
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likewise  take  place  sideways,  and  the  shooter,  instead  of  being 
driven  backward,  would  be  made  to  spin  round  as  a  dancer 
pirouettes.     This  was  the  principle  of  Hero's  steam  engine. 

A  small  globe  or  ball 
Fig.  1.  .yy^as  placed  on  pivots 

at  A  and  b  {fig.  1.),  on 
which  it  was  capable 
of  revolving  :  steam 
was  supplied  through 
one  of  these  pivots 
from  one  of  the  tubes 
D  c  E  F,  which  com- 
municated with  the 
boiler.  This  steam 
filled  the  globe  A  i  b  K, 
and  also  the  arms  i h  and  kg.  A  lateral  orifice,  represented 
at  G,  near  the  end  of  these  arms,  allowed  Ihe  steam  to  escape 
in  a  jet,  and  the  reaction,  producing  a  recoil,  had  a  tendency 
to  drive  the  arm  round.  A  small  orifice  at  ii,  on  the  other 
side  of  the  tube,  produced  a  like  effect.  In  the  same  manner, 
any  convenient  number  of  arms  might  be  provided,  surround- 
ing the  globe  and  communicating  with  its  interior  like  the 
spokes  of  a  wheel.  Thus  these  arms,  having  lateral  orifices 
for  the  escape  of  the  steam,  all  placed  so  that  the  recoil  may 
tend  to  turn  the  globe  in  the  same  direction,  a  rotatory  mo- 
tion might  be  communicated  to  any  machinery  which  it  was 
desired  to  move. 

(11.)  Force  of  steam  vaguely  known  to  the  ancients. — 
Although  the  elastic  force  of  steam  was  not  reduced  to  numeri- 
cal measure  by  the  ancients,  nor  brought  under  conti'ol,  nor 
applied  to  any  useful  purpose,  yet  it  appears  to  have  been 
recognised  in  vague  and  general  terms.  Aristotle,  Seneca, 
and  other  ancient  writers,  accounted  for  earthquakes  by  the 
sudden  conversion  of  water  into  steam  within  the  earth. 
This  change,  according  to  them,  was  effected  by  subterranean 
heat.  Such  tremendous  effects  being  ascribed  to  steam,  it 
can  scarcely  be  doubted  that  the  Greeks  and  Komans  w^ere 
acquainted  with  the  fact,  that  water  in  passing  into  vapour 
exercises  considerable  mechanical  power.  They  were  aware 
that  the   earthquakes,  which  they  ascribed  to  this  cause, 
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exerted  forces  sufficiently  powerful  to  derange  the  natural 
limits  of  the  ocean ;  to  overturn  from  their  foundations  the 
most  massive  monuments  of  human  labour ;  to  raise  islands 
in  the  midst  of  seas ;  and  to  heave  up  the  surface  of  the  land 
of  level  continents  so  as  to  form  lofty  mountains. 


Such  notions,  however,  resulted  not  as  consequences  of 
any  exact  or  scientific  principles,  but  from  vague  analogies 
derived  from  effects  which  could  not  fail  to  have  been 
manifested  in  the  arts,  such  as  those  which  commonly 
occurred  in  the  process  of  casting  in  metal  the  splendid 
statues  which  adorned  the  temples,  gardens,  and  public 
places  of  Rome  and  Athens.     The  artist  was  liable  to  the 
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same  accidents  to  which  modern  founders  are  exposed,  pro- 
duced by  the  casual  presence  of  a  little  water  in  the  mould 
into  which  the  molten  metal  is  poured.  Under  such  cir- 
cumstances, the  sudden  formation  of  steam  of  an  extreme 
pressure  produces,  as  is  well  known,  explosions  attended 
with  destructive  effects.  The  Grecian  and  Roman  artisans 
were  subject  to  such  accidents  ;  and  the  philosopher,  gene- 
ralising such  a  fact,  would  arrive  at  a  solution  of  the  grander 
class  of  phenomena  of  earthquakes  and  volcanoes. 

(12.)  Subserved  to  superstitious  purposes.  —  Before  natural 
phenomena  are  rendered  subservient  to  purposes  of  utility, 
they  are  often  made  to  minister  to  the  objects  of  superstition. 
The  power  of  steam  is  not  an  exception  to  this  rule.  It  is 
recorded  in  the  Chronicles,  that  upon  the  banks  of  the  Weser 
the  ancient  Teutonic  gods  sometimes  marked  their  dis- 
pleasure by  a  sort  of  thunderbolt,  which  was  immediately 
succeeded  by  a  cloud  that  filled  the  temple.  An  image  of 
the  god  Busterich,  which  was  found  in  some  excavations, 
clearly  explains  the  manner  in  which  this  prodigy  was  ac- 
complished by  the  priests.  The  head  of  the  metal  god  was 
hollow,  and  contained  within  it  a  pot  of  water :  the  mouth, 
and  another  hole  above  the  forehead,  were  stopped  by 
wooden  plugs ;  a  small  stove,  adroitly  placed  in  a  cavity  of 
the  head  under  the  pot,  contained  charcoal,  which,  being 
lighted,  gradually  heated  the  liquid  contained  in  the  head. 
The  vapour  produced  from  the  water,  having  acquired  suffi- 
cient pressure,  forced  out  the  wooden  plugs  with  a  loud 
report,  and  they  were  immediately  followed  by  two  jets 
of  steam,  which  formed  a  dense  cloud  round  the  god,  and 
concealed  him  from  his  astonished  worshippers. 

(13.)  Anecdote  of  Anthemitis,  architect  of  St.  Sophia.  — 
Among  other  amusing  anecdotes  showing  the  knowledge 
which  the  ancients  had  of  the  mechanical  force  of  steam,  it 
is  related  that  Anthemius,  the  architect  of  Saint  Sophia, 
occupied  a  house  next  door  to  that  of  Zeno,  between  whom 
and  Anthemius  there  existed  a  feud.  To  annoy  his  neigh- 
bour, Anthemius  placed  on  the  ground  floor  of  his  own  house 
several  close  digesters,  or  boilers,  containing  water.  A 
flexible  tube  proceeded  from  the  top  of  each  of  these,  which 
was  conducted  through  a  hole  made  in  the  wall  between  the 
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houses,  and  which  communicated  with  the  space  under  the 
floors  of  the  rooms  in  the  house  of  Zeno.  When  Anthemius 
desired  to  annoy  his  neighbour,  he  lighted  fires  under  his 
boilers,  and  the  steam  produced  by  them  rushed  in  such 
quantity  and  with  such  force  under  Zeno's  floors,  that  they 
were  made  to  heave  with  all  the  usual  symptoms  of  an 
earthquake. 

(14.)  Blasco  de  Garay,  a.  d.  1543.  —  In  the  year  1826, 
M.  de  Navarrete  published,  in  Zach's  Astronomical  Corre- 
spondence, a  communication  from  Thomas  Gonzales,  direc- 
tor of  the  royal  archives  of  Simancas,  giving  an  account  of 
an  experiment  reported  to  have  been  made  in  the  year  1543, 
in  which  a  vessel  was  propelled  by  a  machine  having  the 
ap{)earance  of  a  steam  engine. 

Blasco  de  Garay,  a  sea  captain,  proposed  in  that  year  to 
the  Emperor  Charles  V.  to  propel  vessels  by  a  machine 
which  he  had  invented,  even  in  time  of  calm,  without  oars  or 
sails.  Notwithstanding  the  apparent  improbability  attending 
this  project,  the  Emperor  ordered  the  experiment  to  be  made 
in  the  port  of  Barcelona,  and  the  17th  of  June,  1543,  was 
the  day  appointed  for  its  trial.  The  commissioners  ap- 
pointed by  Charles  V.  to  attend  and  witness  the  experiment 
were  Don  Henry  of  Toledo,  Don  Pedro  of  Cardona,  the  trea- 
surer Ravago,  the  vice-chancellor  and  intendant  of  Catalonia, 
and  others.  The  vessel  on  which  the  experiment  was  made 
was  the  Trinity,  200  tons  burthen,  which  had  just  discharged 
a  cargo  of  corn  at  Barcelona.  Garay  concealed  the  nature  of 
his  machinery,  even  from  the  commissioners.  All  that  could 
be  discovered  during  the  trial  was,  that  it  consisted  of  a  large 
boiler  containing  water,  and  that  wheels  were  attached  to  each 
side  of  the  vessel,  by  the  revolution  of  which  it  was  propelled. 
The  commissioners  having  witnessed  the  experiment  made  a 
report  to  the  king,  approving  generally  of  the  invention,  par- 
ticularly on  account  of  the  ease  and  promptitude  with  which 
the  vessel  could  be  put  about  by  it. 

The  treasurer  Ravago,  who  was  himself  hostile  to  the 
project,  reported  that  the  machine  was  capable  of  propelling 
a  vessel  at  the  rate  of  two  leagues  in  three  hours  ;  but  the 
other  commissioners  stated  that  it  made  a  league  an  hour  at 
the  least,  and  that  it  put  the  vessel  about  as  speedily  as 
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would  be  accomplished  with  <a  galley  worked  according  to 
the  common  method.  Ravago  reported  that  the  machinery 
was  too  complicated  and  expensive,  and  that  it  was  subject 
to  the  danger  of  the  boiler  bursting. 

After  the  experiment  was  made,  Garay  took  away  all  the 
machinery,  leaving  nothing  but  the  framing  of  wood  in  the 
arsenals  of  Barcelona. 

Notwithstanding  the  opposition  of  Ravago,  the  invention 
was  approved,  and  the  inventor  was  promoted,  and  received  a 
pecuniary  reward,  besides  having  all  his  expenses  paid. 
/  From  the  circumstance  of  the  nature  of  the  machinery 
having  been  concealed,  it  is  impossible  to  say  in  what  this 
machine  consisted ;  but  as  a  boiler  was  used,  it  is  probable, 
though  not  certain,  that  steam  was  the  agent.  There  have 
been  various  machines  proposed,  of  which  a  furnace  and 
boiler  form  a  part,  and  in  which  the  agency  of  steam  is  not 
used.  The  machine  of  Amontons  furnishes  an  example  of  this. 
It  is  most  probable  that  the  contrivance  of  Garay  was  identical 
with  that  of  Hero.  The  low  state  of  the  arts  in  Spain  in  the 
sixteenth  century  would  be  incompatible  with  the  construction 
of  any  machine  requiring  great  precision  of  execution.  But 
the  simplicity  of  Hero's  contrivance  would  have  rendered 
its  construction  and  operation  quite  practicable.  As  to  the 
claims  to  the  invention  of  the  steam  engine  advanced  by  the 
advocates  of  De  Garay,  founded  on  the  above  document,  a 
refutation  is  supplied  by  the  admission,  that  though  he  was 
rewarded  and  promoted  by  the  government  of  the  day,  in 
consequence  of  the  experiment,  and  although  the  great  use- 
fulness of  the  contrivance  in  towing  ships  out  of  port,  &c. 
was  admitted,  yet  it  does  not  appear  that  a  second  experi- 
ment was  ever  tried,  much  less  that  the  machine  was  ever 
brought  into  practical  use. 

(15.)  Solomon  de  Caus,  1615.  —  Solomon  de  Caus  was 
engineer  and  architect  to  Louis  XHI.,  king  of  France,  before 
the  year  1612.  In  that  year  he  entered  the  service  of  the 
Elector  Palatine,  who  married  the  daughter  of  King  James  I., 
with  whom  he  came  to  England.  He  was  there  employed  by 
the  Prince  of  Wales  in  ornamenting  the  gardens  of  his  house 
at  Richmond.  During  his  sojourn  in  England  he  composed 
and  published  at  London,  in  the  same  year,  a  Treatise  on 
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Perspective.  This  person  was  the  author  of  a  work  entitled, 
"  Les  Raisons  des  Forces  Mouvantes,  arec  diverses  Machines 
tant  utiles  que  plaisantes,"  which  was  apparently  composed 
at  Heidelburg,  but  published  at  Frankfort,  in  1615.  The 
same  work  was  subsequently  republished  in  Paris  in  1623. 

The  treatise  commences  with  definitions  of  what  were  then 
-idered  the  four  elements:  earth,  air,  fire,  and  water.  Air 
.-  icfined  to  be  a  cold,  dry,  and  light  element,  capable  of 
compression,  by  which  it  may  be  rendered  very  violent.  He 
"•".  "  The  violence  will  be  great  when  water  exhales  in  air 
leans  of  fire,  and  that  the  said  air  is  enclosed:  as,  for 
example,  take  a  ball  of  copper  of  one  or  two  feet  diameter, 
and  one  inch  thick,  which  being  filled  with  water  by  a  small 
hole,  which  shall  be  strongly  stopped  with  a  peg,  so  that 
neither  air  nor  water  can  escape,  it  is  certain  that  if  we  put 
the  said  ball  upon  a  great  fire,  so  that  it  will  become  very  hot, 
that  it  will  cause  a  compression  so  violent,  that  the  ball  will 
burst  in  pieces,  with  a  noise  like  a  petard." 

The  effect  which  is  here  described  is  due  to  the  combined 
pressure  of  the  heated  air  contained  in  the  ball  and  the  high 
pressure  steam  raised  from  the  water,  but  much  more  to  the 
latter  than  to  the  former.  It  is  evident,  however,  from  the 
language  of  De  Caus,  that  he  ascribes  the  force  entirely  to 
the  air,  and  seems  to  consider  that  the  force  of  the  air  pro- 
ceeded from  the  water  which  exhaled  in  it. 

The  first  theorem  is,  "  that  the  parts  of  the  elements  mix 
together  for  a  time,  and  then  each  returns  to  its  place  "  (the 
elements  here  referred  to  being  apparently  air  and  water). 
Upon  this  subject  the  following  is  an  example  :  "  Take  a 
round  vessel  of  copper,  soldered  close  on  every  side,  and 
with  a  tube,  whereof  one  end  approaches  nearly  to  the 
bottom  of  the  vessel,  and  the  other  end,  which  projects  on 
the  outside  of  the  vessel,  has  a  stop-cock  ;  there  is  also  a 
hole  in  the  top  of  the  vessel,  with  a  plug  to  stop  it-  If  this 
vessel  will  contain  three  pots  of  water,  then  pour  in  one  pot 
of  water,  and  place  the  vessel  on  the  fire  about  three  or  four 
minutes,  leaving  the  hole  open  ;  then  take  the  vessel  off  the 
fire,  and  a  little  after  pour  out  the  water  at  the  hole,  and  it 
will  be  foimd  that  a  part  of  the  said  water  has  been  evapo- 
rated by  the  heat  of  the  fire.     Then  pour  in  one  pot  of  water 
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as  before,  and  stop  up  the  hole  and  the  cock,  and  put  the 
vessel  on  the  fire  for  the  same  time  as  before  ;  then  take  i1 
off,  and  let  it  cool  of  itself,  without  opening  the  plug,  and 
after  it  is  quite  cold  pour  out  the  watei%  and  it  will  be  found 
exactly  the  same  quantity  as  was  put  in.  Thus  we  see  thai 
the  water  which  was  evaporated  (the  first  time  that  tht 
vessel  was  put  on  the  fire)  is  returned  into  water  the  second 
time  when  that  vapour  has  been  shut  up  in  the  vessel,  and 
cooled  of  itself." 

In  the  description  of  these  experiments,  the  processes  ol 
^  evaporation  and  condensation  are  obscurely  indicated ;  bul 
there  is  no  intimation  that  the  author  possessed  any  know- 
ledge of  the  elastic  force  of  steam.  His  theorem  is,  that  the 
parts  of  the  element  water  mix  for  a  time  with  the  parts  oi 
the  element  air  ;  that  fire  causes  this  mixture  ;  and  that  on 
removing  the  fire,  and  dissipating  the  heat,  then  the  parts  oi 
tlie  water  mixed  wnth  air  return  to  their  proper  place,  form- 
ing again  part  of  the  water.  Thex'e  is  no  indication  of  a 
change  of  property  of  the  water  in  passing  into  vapour.  It 
is  difficult  to  conceive,  if  De  Caus  had  been  aware  that  the 
vapour  of  water  possessed  the  same  violent  force  which  he 
distinctly  and  in  terms  ascribes  to  air,  or  if  he  had  been 
aware  that  in  effect  the  vapour  of  the  water  produced  by  the 
fire  was  a  fluid,  possessing  exactly  the  same  mechanical 
qualities,  and  producing  the  same  mechanical  eflfects  as  air, 
that  he  would  not  have  expressed  himself  clearly  on  the 
subject. 

He  proceeds  to  give  another  demonstration  that  heat  will 
cause  the  particles  of  water  to  mix  with  those  of  air. 

"  After  having  put  the  measure  of  water  into  the  vessel, 
and  shut  the  vent-hole,  and  opened  the  cock,  put  the  vessel 
on  the  fire,  and  put  the  pot  under  the  cock,  then  the  water 
of  the  vessel,  raising  itself  by  the  heat  of  the  fire,  will  run 
out  through  the  cock;  but  about  one  sixth  or  one  eighth 
part  of  the  water  will  not  run  out,  because  the  violence  of 
the  vapour  wliich  causes  the  water  to  rise  proceeds  from  the 
said  water  ;  which  vapour  goes  out  through  the  cock  after  the 
Avater  with  great  violence.  There  is  also  another  example  in 
quicksilver,  or  mercury,  which  is  a  fluid  mineral,  but  being 
heated  by  fire,  exhales  in  vapour,  and  mixes  with  the  air  for 
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a  time  ;  but  after  the  said  vapour  is  cooled,  it  returns  to  its 
first  nature  of  quicksilver.  The  vapour  of  water  is  much 
lighter,  and  therefore  it  rises  higher,"  &c. 

In  this  second  demonstration  there  appears  to  be  some 
obscure  indication  of  the  force  of  steam  in  tlie  words  "  be- 
cause of  the  violence  of  the  vapour  which  causes  the  water 
to  rise,"  &c. 

The  fifth  theorem  is  the  following  :  — 
■  Water  will  monnt  hy  the  help  of  fire  higher  than  its  level" 
niiich  is  explained  and  proved  in  the  following  terms:  — 

"  The  third  method  of  raising  water  is  by  the  aid  of  fire. 
On  this  principle  may  be  constructed  various  machines :  I 
shall  here  describe  one.     Let  a  ball 
of  copper  marked  a  ;  well  soldered 
in  every  part,  to  which  is  attached 
a  tube  and  stop-cock  marked  d,  by 
which  water  may  be  introduced ; 
and  also  another  tube  marked  b  c, 
which  will  be  soldered  into  the  top 
of  the  ball,  and  the  lower  end  c  of 
which  shall  descend  nearly  to  the 
bottom  of  the  ball  without  touching 
it.     Let  the  said  ball  be  filled  with 
water  through   the  tube  d,  then 
shutting  the  stop-cock  D,  and  open- 
ing the  stop-cock  in  the  vertical 
tube  B  c,  let  the  ball  be  placed  upon  a  fire,  the  heat  acting 
upon  the  said  ball  will  cause  the  water  to  rise  in  the  tube  b  c." 
In  the  apparatus  as  here  described,  the  space  enclosed  in 
the  boiler  above  the  surface  of  the  water  is  filled  with  air. 
By  the  action  of  the  fire,  two  effects  are  produced :  first,  the 
air  enclosed  above  the  water,  being  heated,  acquires  increased 
•    elasticity,  and  presses  with  a  corresponding  force  on  the  sur- 
;   face  of  the  water.     By  this  means  a  column  of  water  will  be 
j   driven  up  the  tube  a  a  at  such  a  height  as  will  balance  the 
J    elasticity  of  the  heated  air  confined  in  the  boiler  ;  but  besides 
\   this,  the  water  contained  in  the  boiler  being  heated,  will  pro- 
I   duce  steam,  which  being  mixed  with   air  contained  in  the 
I    boiler,  will  likewise  press  with  its  proper  elasticity  on  the 
I    surface  of  the  water,  and  will  combine  with  the  air  in  raising 
a  column  of  water  in  the  tube  a  b.     In  the  above  description 
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of  the  machine,  the  force  which  raises  the  water  in  the  tube 
A  B  is  ascribed  to  the  fire,  no  mention  being  made  of  the 
water,  or  of  the  vapour  or  steam  produced  from  it  having  any 
agency  in  raising  the  water  in  the  tube  a  b. 

Antecedently  to  tlie  date  of  tliis  invention,  the  effect  of 
heat  in  increasing  the  elastic  force  of  air  was  known  ;  and,  so 
far  as  the  above  description  goes,  the  whole  operation  might 
be  ascribed  to  the  air  by  a  person  having  no  knowledge 
whatever  of  the  elasticity  of  steam.  M.  Arago  however, 
who,  on  the  grounds  of  this  passage  in  the  work  of  De  Caus, 
,  claims  for  him  a  share  of  the  honour  of  the  invention  of  the 
steam  engine,  contends  that  the  agency  of  steam  in  this 
apparatus  was  perfectly  known  to  De  Caus,  although  no 
mention  is  made  of  steam  in  the  above  description,  because 
in  the  second  demonstration  above  quoted  he  uses  the  words, 
"  the  violence  of  the  vapour  which  causes  the  water  to  rise 
proceeds  from  the  said  water ;  which  vapour  goes  out  from 
the  cock  after  the  water  with  great  violence."  By  these 
words  M.  Arago  considers  that  De  Caus  expresses  the  quality 
of  elasticity  proper  to  the  vapour,  and  that  the  context  jus- 
tifies the  inference,  that  to  this  elasticity  he  ascribed  the 
elevation  of  the  water  in  the  tube  c  b. 

There  appears  to  be  some  uncertainty  attending  the  birth- 
place of  De  Caus.  In  the  Biographie  Universelle  he  is  said 
to  have  been  born  and  to  have  died  in  Normandy.  M.  Arago 
assigns  Dieppe,  or  its  neighbourhood,  as  his  birthplace. 

There  was  another  engineer  and  architect,  Isaac  De  Caus, 
a  native  of  Dieppe,  who  published  a  work  in  folio,  entitled 
''Nouvelle  Invention  de  Lever  VEmi  phis  haul  que  sa  Source, 
avec  quelque  Machines  mouvantes,  far  le  Moyen  de  V Eau,  ei 
un  Discours  de  la  Conduite  d'Icelle."  This  volume  is  with- 
out a  date,  but  from  the  nature  of  its  contents  it  would  appear 
to  have  been  published  before  the  work  of  Solomon  De  Caus 
already  cited.  The  drawings  and  machines  described  in  both 
are  exactly  the  same;  but  the  definitions  and  theorems  quoted 
above  on  raising  water  by  fire  are  not  given  in  the  work 
of  Isaac.  It  seems,  therefore,  that  Solomon  De  Caus  re- 
published, with  additions,  the  work  of  Isaac  De  Caus.  From 
the  same  birthplace  being  assigned  to  both  these  authors,  as 
well  as  from  the  similarity  of  their  pursuits,  it  is  likely  they 
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were  members  of  the  same  family,  and  from  their  first 
names  they  were  probably  Jews. 

The  work  cited  above  was  dedicated  to  Louis  XIII.,  and 
in  the  dedication  Solomon  De  Cans  calls  himself  the  subject 
of  that  monarch  ;  and  in  the  privilege  prefixed  to  the  work 
he  is  designated,  "  Our  well-beloved  Solomon  De  Caus, 
master  engineer,  being  at  present  in  the  service  of  our  dear 
and  well-beloved  cousin,  the  Prince  Elector  Palatine,  has 
made  known  to  us,"  &c.  —  "  we,  desiring  to  gratify  the  said 
De  Caus,  he  being  our  subject,"  &c. 

It  is  therefore  certain,  whatever  may  have  been  the  birth- 
place of  De  Caus,  that  he  was  at  least  a  subject  of  France. 
The  circumstance  of  his  work  being  written  in  French, 
though  published  beyond  the  Rhine,  is  also  an  argument  in 
favour  of  his  being  a  native  of  that  country. 

(16.)  Giovanni  Branca,  1629.  —  Giovanni  Branca  of 
Loretto  in  Italy,  an  engineer  and  architect,  proposed  to 
work  mills  of  different  kinds  by  steam  *  issuing  from  a 
large  aeolopile,  and  blowing  against  the  vanes  of  a  wheel. 
Branca  was  the  author  of  many  ingenious  mechanical  in- 
ventions, a  collection  of  which  he  dedicated  to  M.  Cenci, 
the  governor  of  Loretto.  These  were  published  in  a  work 
printed  at  Rome  in  1629.  It  is  a  thin  quarto,  entitled  "Ze 
Machine  volume  nuovo,  et  di  molto  artificio  da  fare  effetti 
maravigliosi  tanto  Spiritali  quanto  di  Animale  Operatione, 
arichito  di  bellissime  Jigure.  Del  Sig.  Giovanni  Branca, 
Cittadino  Romano.  In  Roma,  1629."  The  work  contains 
sixty-three  engravings,  accompanied  by  descriptions  in  Italian 
and  Latin.  Branca's  steam  engine,  represented  in  the  twenty- 
fifth  plate,  consists  of  a  wheel  furnished  Avith  flat  vanes  upon 
its  rim,  like  the  boards  of  a  paddle  wheel.  The  steam  is 
produced  in  a  close  vessel,  and  made  to  issue  with  violence 
from  the  extremity  of  the  pipe  directed  against  the  vanes, 
and  causes  the  wheel  to  revolve.  This  motion  being  im- 
parted by  the  usual  mechanical  contrivances,  any  machinery 
may  be  impelled  by  it.  Different  useful  applications  of  this 
power  are  contained  in  the  work,  viz.  pestles  and  mortars 
for  pounding  materials  to  make  gunpowder,  and  rolling  stones 
for  grinding  the  same  ;  machines  for  raising  water  by  buckets, 
for  sawing  timbers,  for  driving  piles,  &c. 
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Fiy.  4. 


BEA^vCA'S   ENGIME. 


This  method  of  applying  the  force  of  steam  has  no  analog3 
to  any  application  of  steam  in  modern  engines. 

(17.)  Edward  Somerset,  Marquis  of  Worcester,  1663.— 
Of  all  the  names  which  figure  in  the  early  annals  of  steam 
by  far  the  most  remarkable  is  that  of  the  Marquis  o 
Worcester,  who  has  left  a  description  of  a  machine  in  i 
work,  entitled  "  The  Scantling  of  One  Hundred  Inventions,' 
which  has  been  generally  in  this  country  considered  ai 
giving  him  a  right  to  the  honour  of  having  been  the  inventoi 
of  the  steam  engine. 

Lord  Worcester  having  been  engaged  on  the  side  of  th( 
Royalists  in  the  civil  wars  of  the  revolution,  lost  his  fortune 
and  went  to  Ireland,  where  he  was  imprisoned.  He  escapee 
from  thence,  and  reached  France ;  i'rom  that  country  hf 
ventured  to  London,  as  a  secret  agent  of  Charles  IL,  but  wai 
detected,  and  imprisoned  in  the  Tower,  where  he  remainec 
until  the  Restoration,  when  he  was  set  at  liberty.  Traditior 
has  connected  the  invention  of  the  steam  engine  with  tht 
following  anecdote:  —  One  day,  during  his  imprisonment 
Lord  Worcester  observed  the  lid  of  the  pot  in  which  his 
dinner  was  being  cooked,  suddenly  forced  upwards  by  the 
vapour  of  the  water  which  was  boiling  in  it.  Reflecting  on 
this,  it  occurred  to  him  that  the  same  force  which  raised  tht 
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cover  of  the  pot  might  be  rendered,  when  properly  applied,  a 
useful  and  convenient  moving  power.  After  he  recovered 
his  liberty,  he  accordingly  proceeded  to  carry  into  effect  this 
conception.  The  contrivance  to  which  he  was  ultimately  led 
is  described  in  the  following  terms  in  the  sixty-eighth  inven- 
tion, in  the  work  above  named:  — 

*'  I  have  invented  an  admirable  and  forcible  way  to  drive 
up  water  by  fire  ;  not  by  drawing  or  sucking  it  upwards,  for 
that  must  be,  as  the  philosopher  terms  it,  infra  sphtenim 
activitatis,  which  is  but  at  such  a  distance.  But  this  way 
hath  no  bounder  if  the  vessels  be  strong  enough.  For  I  have 
taken  a  piece  of  whole  cannon  whereof  the  end  was  burst, 
and  filled  it  three  quarters  full  of  water,  stopping  and  screw- 
ing up  the  broken  end,  as  also  the  touch-hole,  and  making  a 
constant  fire  under  it ;  within  twenty-four  hours,  it  burst 
and  made  a  great  crack.  So  that,  having  a  way  to  make  my 
vessels  so  that  they  are  strengthened  by  the  force  within 
them,  and  the  one  to  fill  after  the  other,  I  have  seen  the 
water  run  like  a  constant  fountain  stream  forty  feet  high. 
One  vessel  of  water  rarefied  by  fire  driveth  up  forty  of  cold 
water,  and  a  man  that  tends  the  work  has  but  to  turn  two 
cocks ;  that  one  vessel  of  water  being  consumed,  another  be- 
gins to  force  and  refill  with  cold  water,  and  so  successively ; 
the  fire  being  tended  and  kept  constant,  which  the  self-same 
person  may  likewise  abundantly  perform  in  the  interim  be- 
tween the  necessity  of  turning  the  said  cocks." 

Since  the  date  of  the  publication  of  the  "  Century  of  In- 
Tentions''was  the  year  1663,  the  experiments  here  mentioned 
must  have  been  made  before  that  year.  The  description  of 
the  machine  here  given,  as  well  as  others  in  the  same  work, 
was  intended  by  the  author,  not  to  convey  a  knowledge  of  the 
nature  of  the  mechanism  which  he  used,  but  only  to  express 
the  effects  produced,  and  to  indicate  the  physical  principle  on 
which  they  depended.  It  should  also  be  observed,  that  an 
air  of  mystery  was  thrown  by  "Worcester  over  the  accounts 
of  all  the  machines  which  he  described  ;  and  therefore  any 
obscurity  in  the  above  description  ought  not  to  be  regarded 
as  an  evidence  against  his  claim  to  the  discovery  of  the  me- 
chanical agency  of  steam,  so  far  as  that  agency  is  indicated 
by  the  effects  said  by  him  to  be  produced.  The  above  account 
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is,  however,  sufficiently  distinct  and  explicit  to  enable  any- 
one possessing  a  knowledge  of  the  mechanical  qualities  o' 
steam  to  perceive  the  general  nature  of  the  machine 
described. 

In  the  apparatus  ascribed  to  Hero  of  Alexandria,  the 
elasticity  of  tlie  vapour  contained  in  the  arms  of  the  revolving 
ball  causes  that  vapour  to  issue  from  the  lateral  orifices  in 
the  arms,  such  as  that  of  G,fig.  I.  As  these  orifices,  however, 
are  exposed  to  the  common  atmosphere  pressing  inwards  with 
a  force,  the  mean  amount  of  which  is  about  fifteen  pounds  per 
square  inch,  it  follows  that  the  steam  cannot  escape  from 
these  orifices  until  its  pressure  or  elasticity  exceeds  this 
amount,  and  that  when  it  does,  the  force  with  which  it  will 
so  escape  will  be  the  excess  of  its  elasticity  above  that  of 
the  atmosphere ;  and  it  is  the  reaction  produced  by  this 
difference  of  pressure,  causing  the  arms  to  recoil,  which  will 
give  motion  to  the  machine. 

In  the  case  of  the  apparatus  of  De  Cans,  the  heat  of  the 
fire  acting  on  the  vessel  d  c  {Jig.  3.)  will  raise  the  temperature 
of  the  water  contained  in  it,  and  also  of  the  air  confined 
within  it  above  the  surface  of  that  water.  This  air  as  it  is 
increased  in  temperature,  will  also  increase  in  elasticity ;  it 
will  therefore  press  on  the  surface  of  the  water  with  increased 
force,  and  will  gradually  force  the  water  upwards  in  the  tube  ; 
and  this  effect  would  continue  until  all  the  water  in  the 
vessel  would  be  forced  up  the  tube. 

But  at  the  same  time  that  the  heat  acting  on  the  vessel 
increases  the  temperature  of  the  air  above  the  water,  it  also 
produces  a  partial  evaporation  of  the  water,  so  that  more  or 
less  steam  is  mixed  with  the  air  in  the  vessel  above  the  sur- 
face of  the  water  ;  and  this  steam  possessing  elasticity,  unites 
with  the  air  in  pressing  on  the  surface  of  the  water,  and  in 
raising  it  in  the  tube. 

(18.)  Description  of  the  Marquis  of  Worcester's  steam 
engine.  Let  us  now  revert  to  the  brief  account  of  the 
engine  of  the  Marquis  of  "Worcester,  described  in  "  The 
Century  of  Inventions."  We  collect  from  that  description 
that  the  vessel  in  which  the  water  was  evaporated  was 
separate  from  those  which  contained  the  water  to  be  ele- 
vated ;  also  that  there  were  two  vessels  of  the  like  descrip- 
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tion,  the  contents  of  which  were  altematelj  elevated  by  the 

reasure  of  the  "  water  rarefied  by  the  fire  ;"  in  other  words 

ly  steam  ;  and  that  the  water  was  raised  in  an  uninterrupted 

tream,  by  the  management  of  two  cocks  communicating 

:h  these  vessels  and  with  the  boiler.     The  following  is 

such  an  appa- 
ratus as  would 
answer  this  de- 
scription. Let  E 
{fig.  5.)  be  the 
vessel  contain- 
ing the  water  to 
be  evaporated, 
placed  over  a 
proper  furnace 
A  ;  let  s  be  a 
pipe  to  allow 
the  steam  pro- 
duced from  the 
boiling  water  in 
£  to  pass  into  the 
vessels  where 
its  mechanical 
action  is  re- 
quired. Let  B 
represent  a  cock  or  regulator,  having  in  it  a  curved  passage, 
leading  from  s  to  the  tube  x,  when  the  lever  or  handle  l  is 
in  the  position  represented  by  the  cut ;  but  leading  to  the 
tube  t',  when  the  lever  l  is  turned  one  quarter  of  a  revo- 
lution to  the  right,  as  represented  vnfig.  6.  By  the  shifting  of 
this  lever,  therefore,  the  steam  pipe  s  may  be  made  to  com- 
municate alternately  with  the  tubes  t  and  t'.  The  tubes  t 
and  t'  are  carried  respectively  to  two  vessels  v  and  v',  which 
are  filled  with  the  water  required  to  be  raised.  In  these 
vessels  tubes  enter  at  c  and  c',  descending  nearly  to  the 
bottom  :  these  tubes  have  valves  at  b  and  b',  opening  up- 
wards, by  which  water  will  be  allowed  to  pass  into  the  ver- 
tical tube  F,  but  which  will  not  allow  it  to  return  downwards, 
the  valves  b  and  b'  being  then  closed  by  the  weight  of  the 
water  above  them. 
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Let  G  g'  be  a  pipe  entering  the  sides  of  the  vessels  v  anc 
v',  for  the  purpose  of  filling  them  with  the  water  to  b( 
raised :  let  k  be  a  cock  having  a  curved  passage  similar  tc 
the  cock  E,  and  leading  to  a  tube  by  which  water  is  suppliec 
from  the  reservoir  or  other  source  from  which  the  watei 
to  be  raised  is  drawn.  When  the  cock  k  is  placed  as  re- 
presented in  jig.  5.,  the  water  from  the  reservoir  will  flow 
through  the  curved  passage  in  the  cock  k  into  the  tube  g' 
and  thence  into  the  vessel  v';  but  when  this  cock  is  turned 
one  quarter  round,  by  shifting  the  lever  to  the  left,  it  will 
take  the  position  represented  in  Jig.  7.,  and  the  water  will 
flow  through  the  curved  passage  into  the  tube  G,  and  thence 
into  the  vessel  v.  Let  us  now  suppose  the  vessel  v  already 
filled  with  water  to  be  elevated,  and  the  vessel  v'  to  have 
discharged  its  contents.  The  cock  r  is  turned,  so  as  to 
allow  the  steam  generated  in  the  boiler  e  to  pass  into  the 
tube  T,  and  thence  into  the  upper  part  of  the  vessel  v,  while 
the  cock  K  is  turned  so  as  to  allow  the  water  from  the  reser- 
voir to  pass  into  the  tube  g',  and  thence  into  the  vessel  v'. 
The  steam  collecting  in  the  upper  part  of  the  vessel  v 
presses  with  its  elastic  force  on  the  surface  of  the  water 
therein,  and  forces  the  water  upwards  in  the  tube  c;  it 
passes  through  the  valve  b,  which  it  opens  by  the  upward 
pressure  received  from  the  action  of  the  steam,  and  thence 
into  the  tube  F,  its  descent  into  the  tube  c'  being  prevented 
by  the  valve  b',  which  can  only  be  opened  upwards.  As  the 
steam  is  gradually  supplied  from  the  boiler  E,  the  water  in 
the  vessel  v  is  forced  up  the  tube  c,  through  the  valve  b, 
and  into  the  tube  f,  until  all  the  contents  of  the  vessel  v 
above  the  lower  end  of  the  tube  c  have  been  raised.  In  the 
meanwhile,  the  vessel  v'  has  been  filled  with  water,  through 
the  cock  K  :  when  this  has  been  accomplished,  the  man  who 
attends  the  machine  shifts  the  cocks  r  and  k,  so  as  to  give 
them  the  position  represented  in  Jigs.  6  and  7.  In  this  posi- 
tion, the  steam  from  the  boiler  being  excluded  from  the  tube  t, 
will  be  conducted  to  the  tube  t',  and  thence  to  the  vessel  v', 
while  the  water  from  the  reservoir  will  be  excluded  from 
the  tube  g',  and  conducted  through  the  tube  G  to  the  vessel 
V.  The  vessel  v  will  thus  be  replenished,  and,  by  a  process 
similar  to  that  already  described,  the  contents  of  the  vessel 
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-7.)   General  description  >  "lint. — Xew- 

comen  resumed  the  old  method  of  raising  the  water  from  the 
mines  by  ordinary  pumps,  but  conceived  the  idea  of  working 
these  pumps  by  some  moving  power  less  expensive  than  that 
of  horses.  The  means  whereby  he  proposed  effecting  this 
was  by  connecting  the  end  of  the  pump-rod  d  {Jig.  13.)  by  a 
chain  with  the  arch  head  A  of  a  working  beam  a  b,  playing 
on  an  axis  c.  The  other  arch  head  b  of  this  beam  was  con- 
nected by  a  chain  with  the  rod  E  of  a  solid  piston  p,  which 
moved  air-tight  in  a  cylinder  f.  If  a  vacuum  be  created 
beneath  the  piston  p,  the  atmospheric  pressure  acting  upon  it 
will  press  it  down  with  a  force  of  fifteen  pounds  per  square 
inch  ;  and  the  end  A  of  the  beam  being  thus  raised,  the  pump- 
rod  D  will  be  drawn  up.  If  a  pressure  equivalent  to  the 
atmosphere  be  then  introduced  below  the  piston,  so  as  to 
neutralise  the  downward  pressure,  the  piston  will  be  in  a 
state  of  indifference  as  to  the  rising  or  falling ;  and  if  in  this 
case  the  rod  d  be  made  heavier  than  the  piston  and  its  rod, 
so  as  to  overcome  the  friction,  it  will  descend,  and  elevate 
the  piston  again  to  the  top  of  the  cylinder.  The  vacuum 
being  again  produced,  another  descent  of  the  piston,  and 
consequent  elevation  of  the  pump-rod,  will  take  place ;  and 
so  the  process  may  be  continued. 

Such  was  Newcomen's  first  conception  of  the  atmospheric 
engine  ;  and  the  contrivance  had  much,  even  at  the  first  view, 
to  recommend  it.  The  power  of  such  a  machine  would 
depend  entirely  on  the  magnitude  of  the  piston  ;  and  being 
independent  of  highly  elastic  steam,  would  not  expose  the 
materials  to  the  destructive  heat  which  was  necessary  for 
working  Savery's  engine.  Supposing  a  perfect  vacuum  to 
be  produced  under  the  piston  in  the  cylinder,  an  effective 
downward  pressure  would  be  obtained,  amounting  to  fifteen 
times  as  many  pounds  as  there  are  square  inches  in  the  sec- 
tion of  the  piston.  Thus,  if  the  base  of  the  piston  were  100 
square  inches,  a  pressure  equal  to  1500  lbs.  would  be  obtained. 

In  order  to  accomplish  this,  two  things  were  necessary  : — 
I.  To  make  a  speedy  and  effectual  vacuum  below  the  piston 
in  the  descent ;  and,  2.  To  contrive  a  counterpoise  for  the 
atmosphere  in  the  ascent. 

The  condensation  of  steam  immediately  presented  itself  as 
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the  most  effectual  means  of  accomplisliing  the  former  ;  anc 
the  elastic  force  of  the  same  steam  previous  to  condensatior 
an  obvious  method  of  effecting  the  latter.  Nothing  no^A 
remained  to  carry  the  design  into  execution,  but  the  con^ 
trivance  of  means  for  the  alternate  introduction  and  con- 
densation of  the  steam  ;  and  Newcomen  and  Cawley  were 
accordingly  granted  a  patent  in  1707,  in  which  Savery  was 


t^ig.  1 3 


united,  in  consequence  of  the  principle  of  condensation  fc 
which  he  had  previously  received  a  patent  being  necessary  t 
the  projected  machine.  "We  shall  now  describe  the  atmt 
spheric  engine,  as  first  constructed  by  Nevvcomen  :  — 

The  boiler  K  (^^.  13.)  is  placed  over  a  furnace  i,  the  flu 
of  which  winds  round  it,  so  as  to  communicate  heat  to  ever 
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part  of  the  bottom  of  it.  In  the  top,  wliich  is  hemispherical, 
two  gauge  cocks  g  g'  are  placed,  as  in  Sa verj'3  engine,  and 
a  puppet  ralre  v,  which  opens  upward,  and  is  loaded  at  one 
pound  per  square  inch  ;  so  that  when  the  steam  produced  in 
the  boiler  exceeds  the  pressure  of  the  atmosphere  by  more 
than  one  pound  on  the  square  inch,  the  valve  v  is  lifted,  and 
-team  escapes  through  it,  and  continues  to  escape  until 
■ressure  is  sufficiently  diminished,  when  the  valve  v 
again  falls  into  its  seat.  This  valve  performs  the  office  of 
tlie  safety  valve  in  modern  engines. 

The  great  steam  tube  is  represented  at  s,  which  conducts 
steam  from  the  boiler  to  the  cylinder ;  and  a  feeding  pipe  t, 
furnished  with  a  cock,  which  is  opened  and  closed  at  pleasure, 
proceeds  from  a  cistern  l  to  the  boiler.  By  this  pipe  the 
boiler  may  be  replenished  from  the  cistern,  when  the  gauge 
cock  G  indicates  that  the  level  has  fallen  below  it.  The 
cistern  l  is  supplied  with  hot  water,  by  means  which  we 
shall  presently  explain. 

To  understand  the  mechanism  necessary  to  work  the 
piston,  let  us  consider  how  the  supply  and  condensation  of 
steam  must  be  regulated.  "When  the  piston  has  been  forced 
to  the  bottom  of  the  cylinder  by  the  atmospheric  pressure 
acting  against  a  vacuum,  in  order  to  balance  that  pressure, 
and  enable  it  to  be  drawn  up  by  the  weight  of  the  pump  rod, 
it  is  necessary  to  introduce  steam  from  the  boiler.  This  is 
accomplished  by  opening  the  cock  r  in  the  steam  pipe  s. 
The  steam  being  thus  introduced  from  the  boiler,  its  pressure 
balances  the  action  of  the  atmosphere  upon  the  piston,  which 
is  immediately  drawn  to  the  top  of  the  cylinder  by  the 
weight  of  the  pump-rod  D.  It  then  becomes  necessary  to 
condense  this  steam,  in  order  to  produce  a  vacuum.  To 
accomplish  this,  the  further  supply  of  steam  must  be  cut  off, 
which  is  done  by  closing  the  cock  R.  The  supply  of  steam 
from  the  boiler  being  thus  suspended,  the  application  of  cold 
water  on  the  external  surface  of  the  cylinder  becomes  ne- 
cessary to  condense  the  steam  within  it.  This  was  done 
by  enclosing  the  cylinder  within  another,  leaving  a  space 
between  them.*     Into  this  space  cold  water  was  allowed  to 

•   The  external  cylinder  is  not  represented  in  the  diagram. 
D 
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flow  from  a  cock  m  placed  over  it,  supplied  by  a  pipe  from 
the  cistern  n.  This  cistern  is  supplied  with  water  by  a 
pump  o,  which  is  worked  by  the  engine. 

The  cold  water  supplied  from  m,  having  filled  the  space 
between  the  two  cylinders,  abstracts  the  heat  from  the  inner 
one ;  and  condensing  the  steam,  produces  a  vacuum,  into 
which  the  piston  is  forced  by  the  atmospheric  pressure. 
Preparatory  to  the  next  descent,  the  water  which  thus  fills 
the  space  between  the  cylinders,  and  which  is  warmed  by 
the  heat  abstracted  from  the  steam,  must  be  discharged,  in 
order  to  give  room  for  a  fresh  supply  of  cold  water  from  m. 
An  aperture,  furnished  with  a  cock,  is  accordingly  provided 
in  the  bottom  of  the  cylinder,  through  which  the  water  is 
discharged  into  the  cistern  l  ;  and  being  warm,  is  adapted 
for  the  supply  of  the  boiler  through  t,  as  already  mentioned. 

The  cock  r  being  now  again  opened,  steam  is  admitted 
below  the  piston,  which,  as  before,  ascends,  and  the  descent 
is  again  accomplished  by  closing  the  cock  R,  and  opening  the 
cock  M,  admitting  cold  water  between  the  cylinders,  and 
thereby  condensing  the  steam  below  the  piston. 

The  condensed  steam,  thus  reduced  to  water,  will  collect 
in  the  bottom  of  the  cylinder,  and  resist  the  descent  of  the 
piston.  It  is  therefore  necessary  to  provide  an  exit  for  it, 
which  is  done  by  a  valve  opening  outwards  into  a  tube  which 
leads  to  the  feeding  cistern  l,  into  which  the  condensed 
steam  is  driven. 

That  the  piston  should  continue  to  be  air-tight,  it  was 
necessary  to  keep  a  constant  supply  of  water  over  it ;  this 
was  done  by  a  cock  similar  to  M,  which  allowed  water  to 
flow  from  the  pipe  M  on  the  piston. 

Soon  after  the  first  construction  of  these  engines,  an  acci- 
dental circumstance  suggested  to  Newcomen  a  much  better 
method  of  condensation  than  the  application  of  cold  water 
on  the  external  surface  of  the  cylinder.  An  engine  was 
observed  to  work  several  strokes  with  unusual  rapidity,  and 
without  the  regular  supply  of  the  condensing  water.  Upon 
examining  the  piston,  a  hole  was  found  in  it,  through  which 
the  water,  which  was  poured  on  to  keep  it  air-tight,  flowed, 
and  instantly  condensed  the  steam  under  it. 

On  this  suggestion   Newcomen  abandoned   the  external 
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cjlinder,  and  introduced  a  pipe  H,  furnished  with  a  cock  Q, 
into  the  bottom  of  the  cylinder,  so  that,  on  turning  the  cock, 
the  pressure  of  the  water  in  the  pipe  h,  from  the  level  of  the 
water  in  the  cistern  N,  would  force  the  water  to  rise  as  a  jet 
into  the  cylinder,  and  would  instantly  condense  the  steam. 
This  method  of  condensing  by  injection  formed  a  very  im- 
portant improvement  in  the  engine,  and  is  still  used. 

(28.)  Its  operation.  —  Having  taken  a  general  view  of  the 
parts  of  the  atmospheric  engine,  let  us  now  consider  more 
particularly  its  operation. 

When  the  engine  is  not  working,  the  weight  of  the  pump 
rod  D  {Jig.  13.)  draws  down  the  beam  A,  and  draws  the 
piston  to  the  top  of  the  cylinder,  where  it  rests.  Let  us  sup- 
pose all  the  cocks  and  valves  closed,  and  the  boiler  filled  to 
the  proper  depth.  The  fire  being  lighted  beneath  it,  the 
water  is  boiled  until  the  steam  acquires  sufficient  force  to 
lift  the  valve  v.  "When  this  takes  place,  the  engine  may  be 
started.  For  this  purpose  the  regulating  valve  R  is  opened. 
The  steam  rushes  in,  and  is  first  condensed  by  the  cold 
cylinder.  After  a  short  time  the  cylinder  acquires  the  tem- 
perature of  the  steam,  which  then  ceases  to  be  condensed, 
and  mixes  with  the  air  which  filled  the  cylinder.  The  steam 
and  heated  air,  having  a  greater  force  than  the  atmospheric 
pressure,  will  open  a  valve  placed  at  the  end  x  of  a  small 
tube  in  the  bottom  of  the  cylinder,  and  which  opens  out- 
wards. From  this  (which  is  called  the  blowing  valve*)  the 
steam  and  air  rush  in  a  constant  stream,  until  all  the  air  has 
been  expelled,  and  the  cylinder  is  filled  with  the  pure  vapour 
of  water.  This  process  is  called  blowing  the  engine  pre- 
paratory to  starting  it. 

When  it  is  about  to  be  started,  the  engine-man  closes  the 
regulator  r,  and  thereby  suspends  the  supply  of  steam  from 
the  boiler.  At  the  same  time  he  opens  the  condensing  valve 
Hf  ;  and  thereby  throws  up  a  jet  of  cold  water  into  the  cy- 
linder. This  immediately  condenses  the  steam  contained  in 
the  cylinder,  and  produces  the  vacuum.     (The  atmosphere 

•   Also  called  the  snifting  valve,  from  the  peculiar  noise  made  by  the 
air  and  steam  escaping  from  it. 
j"  Also  called  the  injection  valve. 
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cannot  enter  the  blowing  valve,  because  it  opens  outwards, 
so  that  no  air  can  enter  to  vitiate  the  vacuum.)  The  atmo- 
spheric pressure  above  the  piston  now  takes  effect,  and  forces 
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it  down  in  the  cylinder.  The  descent  being  completed,  the 
engine-man  closes  the  condensing  valve  h,  and  opens  the  re- 
gulator R.  By  this  means  he  stops  the  play  of  the  jet  within 
the  cylinder,  and  admits  the  steam  from  the  boiler.  The  first 
effect  of  the  steam  is  to  expel  the  condensing  water  and  con- 
densed steam  which  are  collected  in  the  bottom  of  the  cylinder, 
through  the  tube  t,  containing  a  valve  which  opens  outwards, 
(called  the  eduction  valve),  which  leads  to  the  hot  cistern  l, 
into  which  this  water  is  therefore  discharged. 

When  the  steam  admitted  through  r  ceases  to  be  condensed, 
it  balances  the  atmospheric  pressure  above  the  piston,  and 
thus  permits  it  to  be  drawn  to  the  top  of  the  cylinder  by  the 
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weight  of  the  rod  d.  This  ascent  of  the  piston  is  also  assisted 
bj  the  circumstance  of  the  steam  being  somewhat  stronger 
than  the  atmosphere. 

When  the  piston  has  reached  the  top,  the  regulating  valve 
R  is  closed,  and  the  condensing  valve  opened,  and  another 
descent  produced,  as  before,  and  so  the  process  is  continued. 

The  manipulation  necessary  in  working  this  engine  was, 
therefore,  the  alternate  opening  and  closing  of  two  valves;  the 
regulating  and  condensing  valves.  When  the  piston  reached 
the  top  of  the  cylinder,  the  former  was  to  be  closed,  and  the 
latter  opened ;  and,  on  reaching  the  bottom,  the  former  was 
to  be  opened,  and  the  latter  closed. 

(29.)  Invention  of  self-acting  mechanism  by  Humphrey 
Potter.  —  The  duty  of  working  the  engine  requiring  no  great 
amount  of  labour,  or  skill,  was  usually  entrusted  to  boys, 
called  cock  boys.  It  happened  that  one  of  the  most  im- 
portant improvements  which  has  ever  been  made  in  the 
working  of  steam  engines  was  due  to  the  ingenuity  of  one  of 
these  boys.  It  is  said  that  a  lad,  named  Humphrey  Potter, 
was  employed  to  work  the  cocks  of  an  atmospheric  engine,  and 
being  tempted  to  escape  from  the  monotonous  drudgery  to 
which  his  duty  confined  him,  his  ingenuity  was  sharpened  so 
as  to  prompt  him  to  devise  some  means  by  which  he  might 
indulge  his  disposition  to  play  without  exposing  himself  to 
the  consequences  of  suspending  the  performance  of  the  en- 
gine. On  observing  the  alternate  ascending  and  descending 
motion  of  the  beam  above  him,  and  considering  it  in  reference 
to  the  labour  of  his  own  hands,  in  alternately  raising  and 
lowering  the  levers  which  governed  the  cocks,  he  perceived  a 
relation  which  served  as  a  clue  to  a  simple  contrivance,  by 
which  the  steam  engine,  for  the  first  time,  became  an  auto- 
maton. WTien  the  beam  arrived  at  the  top  of  its  play,  it  was 
necessary  to  open  the  steam  valve  by  raising  a  lever,  and  to 
close  the  injection  valve  by  raising  another.  This  he  saw 
could  be  accomplished  by  attaching  strings  of  proper  length 
to  these  levers,  and  tying  them  to  some  part  of  the  beam. 
These  levers  required  to  be  moved  in  the  opposite  direction 
when  the  beam  attained  the  lowest  point  of  its  play.  This 
he  saw  could  be  accomplished  by  strings,  either  connected 
with  the  outer  arm  of  the  beam,  or  conducted  over  rods  or 
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pulleys.  In  short,  he  contrived  means  of  so  connecting  the 
levers  which  governed  the  two  cocks  by  strings  with  the 
beam,  that  the  beam  opened  and  closed  these  cocks  with  the 
most  perfect  regularity  and  certainty  as  it  moved  upwards 
and  downwards. 

Besides  rendering  the  machine  independent  of  manual  su- 
perintendence, this  process  conferred  upon  it  much  greater 
regularity  of  performance  than  any  manual  superintendence 
could  ensure. 

This  contrivance  of  Potter  was  very  soon  improved  by  the 
substitution  of  a  bar,  called  a  plug  frame,  which  was  sus- 
pended from  the  arm  of  the  beam,  and  which  carried  upon  it 
pins,  by  which  the  ai'ms  of  the  levers  governing  the  cocks 
were  struck  as  the  plug  frame  ascended  and  descended,  so  as 
to  be  opened  and  closed  at  the  proper  times. 

The  engine  thus  improved  required  no  other  attendance 
except  to  feed  the  boiler  occasionally  by  the  cock  t,  and  to 
attend  the  furnace. 

(30.)  Merits  of  NewcomerCs  invention.  —  However  the 
merit  of  the  discovery  of  the  physical  principles  on  which 
the  mechanical  application  of  steam  depends  may  be  awarded, 
it  must  be  admitted  that  the  engine  contrived  by  Newcoraen 
and  his  associates,  considered  as  a  practical  machine,  was 
immeasurably  superior  to  that  which  preceded  it ;  superior, 
indeed,  to  such  a  degree,  that  while,  the  one  was  incapable  of 
any  permanently  useful  application,  the  other  soon  became 
a  machine  of  extensive  utility  in  the  drainage  of  mines  ;  and, 
even  at  the  present  time,  the  atmospheric  engine  is  not  un- 
frequently  used  in  preference  to  the  modern  steam  engine, 
in  districts  where  fuel  is  abundant  and  cheap ;  the  expense 
of  constructing  and  maintaining  it  being  considerably  less 
than  that  of  an  improved  steam  engine.  The  low  pressure 
of  the  steam  used  in  working  it,  rendered  it  perfectly  safe. 
While  Savery's  engine,  to  work  with  effect,  required  that 
the  steam  confined  in  the  vessels  should  have  a  bursting 
pressure  amounting  to  about  thirty  pounds  per  square  inch,  the 
pressure  of  steam  in  the  boiler  and  cylinder  of  the  atmo- 
spheric engine  i-equired  only  a  pressure  of  about  one  pound 
per  square  inch.  The  high  pressure  also  of  the  steam  used 
in  Savery's  engine  was  necessarily  accompanied,  as  we  shall 
presently  explain,  by  a  greatly  increased  temperature.     The 


xewcome:>"s  exgixe.  as 

effect  of  this  was,  to  weaken  and  gradually  destroy  the  ves- 
sels, especially  those  which,  like  the  steam  vessels  v  and  v' 

{Jiff.  10.),  -were  alternately  heated  and  cooled.  

Besides  these  defects,  the  power  of  Savery's  engines  was 
also  very  restricted,  both  as  to  the  quantity  of  water  raised 
and  as  to  the  height  to  which  it  was  elevated.  On  the  other 
hand,  the  atmospheric  engine  was  limited  in  its  power  only 
by  the  dimensions  of  its  piston.  Another  considerable 
advantage  which  the  atmospheric  engine  possessed  over  that 
of  Savery,  was  the  facility  with  which  it  was  capable  of 
driving  machinery  by  means  of  the  working  beam.  The 
merit,  however,  of  Newcomen's  engine,  regarded  as  an  in- 
vention, and  apart  from  merely  practical  considerations,  must 
be  ascribed  principally  to  its  mechanism  and  combinations. 
AVe  find  in  it  no  new  principle,  and  scarcely  even  a  novel 
application  of  a  principle.  The  agency  of  the  atmospheric 
pressure  acting  against  a  vacuum,  or  partial  vacuum,  had 
been  long  known  :  the  method  of  producing  a  vacuum  by 
the  condensation  of  steam  had  been  suggested  by  Papin,  and 
carried  into  practical  effect  by  Savery.  The  mechanical 
power  obtained  from  the  direct  pressure  of  the  elastic  force 
of  steam,  used  in  the  atmospheric  engine  to  balance  the 
atmosphere  during  tiie  ascent  of  the  piston,  was  sug- 
gested by  De  Caus  and  Lord  "Worcester.  The  boiler, 
gauge  pipes,  and  the  regulator,  were  all  borrowed  from 
the  engine  of  Savery.  The  idea  of  using  the  atmospheric 
pressure  against  a  vacuum  or  partial  vacuum,  to  work  a 
piston  in  a  cylinder,  had  been  suggested  by  Otto  Guericke, 
an  ingenious  German  philosopher,  who  invented  the  air 
pump  ;  and  this,  combined  with  the  production  of  a  vacuum 
by  the  condensation  of  steam,  was  subsequently  suggested 
by  Papin.  The  use  of  a  working  beam  could  not  have  been 
unknown.  Nevertheless,  the  judicious  combination  of  these 
scattered  principles  must  be  acknowledged  to  deserve  con- 
siderable credit.  In  fact,  the  mechanism  contrived  by  New- 
comen  rendered  a  machine,  which  was  before  altogether 
inefficient,  highly  efficient  :  and,  as  observed  by  Tredgold, 
such  a  result,  considered  in  a  practical  sense,  should  be  more 
highly  valued  than  the  fortuitous  discovery  of  a  physical 
principle.     The   method   of  condensing   the   steam   by  the 
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sudden  injection  of  water,  and  of  expelling  the  air  and  water 
from  the  cylinder  by  the  injection  of  steam,  are  two  con- 
trivances not  before  in  use,  which  are  quite  essential  to  the 
effective  operation  of  the  engine.  These  processes,  which 
are  still  necessary  to  the  operation  of  the  improved  steam 
engine,  appear  to  be  wholly  due  to  the  inventors  of  the 
atmospheric  engine. 


CHAPTER  III. 

FIBST   INVENTIONS   OF    WATT. 

(31.)  Improvements  of  the  atmospheric  e?igine.  —  The 
atmospheric  engine  was  brought  to  a  state  of  considerable 
efficiency  and  improvement  by  Mr.  Beighton,  in  1718.  From 
that  time  it  continued  in  use  without  any  change  in  its  prin- 
ciple, and  with  little  improvement  in  its  structure,  for  half  a 
century.  Although  engines  of  this  kind  continued  to  be 
extensively  constructed,  they  were  usually  executed  by  or- 
dinary mechanics,  incapable  of  a|>{)lying  to  them  the  just 
principles  of  practical  science ;  and,  consequently,  little  at- 
tention was  paid  to  their  proportions.  It  was  not  until  about 
the  year  1772,  that  Mr.  John  Smeaton,  the  celebrated  engi- 
neer, applied  the  powers  of  his  mind  to  the  investigation  of 
this  machine,  as  he  had  previously  done  with  such  success  to 
wind  and  water  mills.  Although  he  did  not  introduce  any 
new  principle  into  the  atmospheric  engine,  yet  it  derived 
greatly  augmented  power  from  the  proportions  which  he 
established  for  engines  of  different  magnitudes. 

In  1759,  Mr.  James  Brindley,  whose  name  is  so  celebrated 
as  the  engineer  of  the  Duke  of  Bridgewater's  canal,  obtained 
a  patent  for  some  improvements  in  the  atmospheric  engine. 
He  proposed  that  the  boiler  should  be  made  of  wood  and 
stone,  with  a  stove  or  fire-place  of  cast  iron  within  it,  so  that 
the  fire  should  be  surrounded  on  every  side  by  water.  The 
chimney  was  to  be  an  iron  pipe  or  tube,  conducted  through 
the  boiler ;  so  that  the  heated  air,  in  passing  from  the  fire, 
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should  impart  a  portion  of  its  heat  to  the  watei\  He  also 
proposed  a  method  of  feeding  the  boiler,  which,  by  self-acting 
machinery,  would  keep  the  water  in  the  boiler  at  a  fixed 
level,  independently  of  any  attention  on  the  part  of  the 
engine-man.  This  was  to  be  accomplished  by  a  buoy  or 
float  upon  the  surface  of  the  water  in  the  boiler,  which 
should  communicate  with  a  valve  in  the  feed  pipe,  so  that 
when  the  level  of  the  water  in  the  boiler  fell,  the  float  or 
buoy,  falling  with  it,  would  open  the  valve  and  supply  the 
feed.  It  is  stated,  in  the  Biographia  Britoinnea.  that 
Mr.  Brindley,  in  1 756,  undertook  to  erect  an  engine  at  2sew- 
castle-under-Lyne ;  but  he  is  said  to  have  been  discouraged 
by  the  obstacles  which  were  thrown  in  his  way,  and  to  have 
abandoned  the  steam  engine. 

The  interval  between  the  invention  of  the  atmospheric 
engine,  and  the  amelioration  it  received  at  the  hands  of 
Smeaton,  has  been  rendered  memorable  by  the  advent  of  one 
who  was  destined  to  work  a  mighty  change  in  the  condition 
of  the  human  race  by  the  application  of  his  vast  genius  to  the 
adaptation  of  steam  power  to  the  uses  of  life. 

(32.)  Birth  and  parentage  of  James  Watt.  —  James 
"Watt  was  born  at  Greenock,  in  Scotland,  on  the  nineteenth 
day  of  January,  in  the  year  1736. 

The  great-grandfather  of  Watt,  a  fanner  in  Aberdeenshire, 
was  killed  in  one  of  the  battles  of  ^lontrose.  The  victorious 
party,  not  thinking  death  a  sufficient  expiation  for  the 
political  opinions  in  support  of  which  he  had  fought  and 
bled,  punished  him  in  the  person  of  his  son,  by  confiscating 
his  little  property.  Thomas  Watt,  the  son,  thus  deprived  of 
support,  was  received  by  distant  relations,  and,  for  a  time, 
applied  himself  to  study,  by  which  he  was  enabled,  after  the 
restoration  of  tranquillity,  to  establish  himself  at  Greenock 
as  a  teacher  of  practical  mathematics  and  navigation.  He 
resided  in  the  burgh  or  barony  of  Crawford's  Dyke,  and  at- 
tained a  position  of  sufficient  respectability  to  be  elected  to 
the  office  of  baron-baillie,  or  chief  magistrate,  and  died  in 
1734,  at  the  advanced  age  of  ninety-two  years. 

Thomas  Watt  had  two  sons.  The  elder,  John,  adopted 
the  profession  of  his  father,  and  was  a  teacher  of  mathematics 
and  navigation  at  Glasgow:  he  died  in  1737,  at  the  age  of 
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fifty  years.  The  second  son,  James,  the  father  of  the  cele- 
brated engineer,  was,  during  a  quarter  of  a  century,  treasurer 
of  the  town  council  of  Greenock,  and  a  local  magistrate. 
He  was  remarked  for  the  ardent  zeal  and  enlightened  spirit 
with  which  he  discharged  his  public  duties.  His  business 
was  that  of  a  ship-chandler,  builder,  and  general  merchant; 
but,  unhappily,  notwithstanding  his  active  industry,  he  lost, 
in  the  decline  of  his  life,  by  unsuccessful  commercial  spe- 
culations, a  part  of  the  property  which  he  had  so  honourably 
acquired.  He  died  in  1782,  at  the  age  of  eighty-four  years. 
James  "Watt,  to  whom  the  world  is  so  largely  indebted 
for  the  extension  and  improvement  of  steam  power,  had  from 
his  birth  an  extremely  delicate  constitution.  From  his 
mother,  whose  family  name  was  Muii'head,  he  received  his 
first  lessons  in  reading,  and  he  learned  from  his  father 
writing  and  arithmetic.  Although  he  was  entered  as  a 
pupil  in  the  grammar  school  of  Greenock,  yet  such  was  his 
delicate  state  of  health,  that  his  attendance  there  was  so 
interrupted  by  constant  indisposition  that  he  could  derive 
but  little  benefit  from  the  opportunities  of  instruction  which 
it  afforded.  For  a  great  period  of  the  year  he  was  confined 
to  his  room,  where  he  devoted  himself  to  study  without  the 
aid  of  instruction.  It  was  in  the  retirement  of  the  sick 
chamber  that  the  high  intellectual  faculties  of  Watt,  which 
were  destined  to  produce  such  pi-ecious  fruits,  began  to  un- 
fold themselves. 

(33.)  Is  established  as  a  mathematical  instrui7ient  maker 
in  Glasgoiv.  —  In  1775,  at  the  age  of  nineteen,  at  the  recom- 
mendation of  Dr.  Dick,  professor  of  natural  plilosophy  in 
the  University  of  Glasgow,  he  went  to  London,  where  he 
employed  himself  in  the  house  of  Mr.  John  Morgan,  a 
mathematical  instrument  maker,  in  Finch  Lane,  Cornhill,  to 
whom  he  apprenticed  himself  for  three  years.  He  remained, 
however,  only  a  year,  at  the  expiration  of  which  (probably 
owing  to  his  delicate  state  of  health)  he  was  released  from 
his  apprenticeship,  and  returned  to  Glasgow,  where  he 
opened  a  shop  for  the  sale  of  mathematical  instruments. 
■"■  (34.)  His  first  experiment  on  steam. —  In  1762,  Watt 
tried  some  experiments  on  the  force  of  steam  at  a  high 
pressure,  confined  in  a  close  digester ;   and  he  then  con- 
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structed  a  small  model  to  show  how  motion  could  be  obtained 
from  that  power.  The  practicability  of  what  has  since  been 
called  the  High  Pressure  Engine,  was  demonstrated  by  him 
on  this  occasion  ;  but  he  did  not  pursue  the  inquiry,  on 
account  of  the  supposed  danger  of  working  with  such  com- 
pressed steam  as  was  required- 
It  is  usual  to  provide,  in  the  cabinets  of  experimental 
apparatus  for  the  instruction  of  the  students  of  universities, 
small  working  models  of  the  most  useful  machines.  In  the 
collection  for  the  illustration  of  the  lectures  delivered  to  the 
Natural  Philosophy  class  in  the  University  of  Glasgow  was 
a  working  model  of  Newcomen's  atmospheric  engine,  applied 
to  a  pump  for  raising  water ;  which,  however,  had  never  been 
found  to  work  satisfactorily.  The  Professor  of  Elxperimental 
Philosophy  of  that  day.  Dr.  John  Anderson  (the  founder  of 
the  celebrated  Andersonian  Institution),  sent  this  model  in 
1763  to  Watt's  workshop,  to  be  repaired.  Its  defects  soon 
disappeared,  and  it  was  made  to  work  to  the  satisfaction  of 
the  professor  and  students. 

This  simple  discharge  of  his  duty,  however,  did  not  satisfy 
the  artisan  ;  and  his  wonted  activity  of  mind  rendered  this 
model  a  subject  of  profound  meditation,  and  led  him  into  a 
course  of  practical  inquiry  respecting  it,  which  iormed  the 
commencement  of  a  most  brilliant  career  of  mechanical  dis- 
covery. The  improvement — we  might  almost  say  the  creation 
— of  the  steam  engine,  by  this  great  man,  must  not  therefore 
be  regarded,  as  so  often  happens  with  mechanical  discoveries, 
as  the  result  of  fortuitous  observation,  or  even  of  a  felicitous 
momentary  inspiration.  Watt,  on  the  other  hand,  conducted 
his  investigation  by  a  course  of  deep  thought,  and  of  experi- 
ments marked  by  the  last  refinement  of  delicacy  and  address. 
If  he  had  received  a  more  extended  and  liberal  education, 
one  would  have  thought  that  he  had  adopted  for  his  guide 
the  celebrated  maxim  of  Bacon  :  — 

"  To  write,  speak,  meditate,  or  act,  when  we  are  not  pro- 
vided yiiiYi  facts  to  direct  our  thoughts,  is  to  navigate  a  coast 
full  of  dangers  without  a  pilot,  and  to  launch  into  the  im- 
mensity of  the  ocean  without  either  rudder  or  compass." 

The  model  which  he  had  repaired  had  a  cylinder  of  only 
two  inches  diameter,  and  six  inches  stroke.   After  he  had  put 
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it  in  complete  order,  he  found,  that  although  the  boiler 
was  much  lai'ger  in  proportion  to  the  cylinder  than  those 
of  real  engines,  yet  it  was  incapable  of  supplying  the 
cylinder  with  steam  in  sufficient  quantity  to  keep  it  at  work. 
To  enable  it  to  continue  to  move,  he  found  it  necessary  to 
lessen  the  quantity  of  water  raised  by  its  pump,  so  as  to  re- 
duce the  load  on  its  piston  very  much  below  the  proper 
standard  according  to  the  common  rules  for  large  engines. 

He  ascribed  the  great  inferiority  in  the  performance  of  the 
model,  compared  with  the  performance  of  the  large  engines, 
to  the  small  size  of  the  cylinder,  and  to  its  material.  The 
cylinder  of  the  model  was  brass,  while  those  of  large  engines 
were  of  cast  iron  ;  and  brass  being  a  better  conductor  of  heat 
than  iron,  he  concluded  that  more  heat  in  proportion  was  lost 
from  this  cause  in  the  model,  than  in  the  larger  engines.  He 
observed  that  the  small  cylinder  was  so  heated  when  the 
steam  was  admitted  into  it,  that  it  could  not  be  touched  by 
the  hand;  but,  nevertheless,  that  this  heat  contributed  nothing 
to  its  performance,  inasmuch  as  before  the  piston  descended, 
the  cylinder  required  to  be  cooled. 

(35.)  His  first  attempt  to  improve  the  steam  engine.  — 
His  first  attempt  to  improve  the  engine,  was  by  using  a 
wooden  cylinder  instead  of  an  iron  one.  He  accordingly 
made  a  model  with  a  cylinder  of  wood,  soaked  in  linseed  oil, 
and  baked  to  dryness.  With  this  he  made  numerous  experi- 
ments, and  found  that  it  required  a  less  quantity  of  water  to 
be  thrown  into  the  cylinder  to  condense  the  steam,  and  that 
it  was  worked  with  a  less  supply  of  steam  from  the  boiler 
than  was  necessary  with  the  metallic  cylinder. 

Still  he  found  that  the  force  with  which  the  piston  de- 
scended was  considerably  less  than  that  which  the  atmo- 
spheric pressure  ought  to  supply,  supposing  a  tolerably 
perfect  vacuum  to  be  produced  under  the  piston.  This 
led  him  to  suspect  that  the  water  injected  into  the  cylinder 
was  not  perfectly  effectual  in  condensing  the  steam.  The 
experiments  which  he  had  previously  made  on  the  increased 
temperature  at  which  water  boils  under  pressures  greater 
than  that  of  the  atmosphere,  led  him  by  analogy  to  the  con- 
clusion that  it  would  boil  at  lower  temperatures  if  it  were 
submitted  to  a  pressure  less  than  the  atmosphere,  and  he  was 
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aware  that  Dr.  Cullen  and  others  had  then  recently  discovered 
that  in  vacuo,  water  would  boil  at  so  low  a  temperature  as 
100°.  These  notions  suggested  the  probability  that  the 
w^ater  injected  into  the  cylinder  being  heated  by  the  con- 
densed steam,  might  produce  vapour  of  a  low  temperature 
and  reduced  pressure  under  the  piston,  which  would  account 
for  the  deficiency  he  observed  in  the  power  of  the  engine. 

No  means  occurred  to  him  by  which  he  could  ascertain,  by 
direct  experiment,  the  temperatures  at  which  water  would 
boil  under  pressures  less  than  that  of  the  atmosphere.  He 
sought,  however,  to  determine  it  by  the  following  method. 
Having  ascertained,  by  repeating  and  multiplying  the  experi- 
ments which  he  had  tried  in  1762,  on  high-pressure  steam, 
he  obtained  a  table  of  the  temperatures  at  which  water  boils 
at  various  pressures  greater  than  that  of  the  atmosphere. 
These  results  he  laid  down  in  a  series  forming  a  curve,  of 
which  the  abscissa  represented  the  temperatures,  and  the 
ordinates  the  pressures.  He  then  continued  this  curve, 
backwards  as  it  were,  and  obtained,  by  analogy,  an  ap- 
proximation to  the  boiling  temperatures,  corresponding  to 
pressures  less  than  that  of  the  atmosphere.  In  other  words, 
having  obtained  by  his  experiments  a  notion,  however  im- 
perfect, of  the  law  or  rule  observed  by  the  temperatures  at 
which  water  boils  at  different  pressures  greater  than  that  of 
the  atmosphere,  he  calculated  by  the  same  law  or  rule  what 
the  pressures  would  be  at  different  pressures  less  than  that  of 
the  atmosphere. 

(36.)  His  calculation  of  the  waste  of  steam.  —  Applying 
these  results  to  the  interior  of  the  cylinder  of  the  atmo- 
spheric engine,  he  obtained  an  approximation  to  the  pressure 
of  the  vapour  which  would  be  produced  from  the  warm 
water  formed  by  the  cold  water  injected  into  the  cylinder,  and 
the  steam  condensed  by  it ;  and  he  accordingly  found  that 
vapour,  having  a  pressure  seriously  injurious  to  the  power 
of  the  engine,  would  be  produced  in  the  cylinder,  unless  con- 
siderably more  water  of  injection  was  thrown  in  than  was 
customary. 

It  was  apparent  that  the  actual  quantity  of  steam  usefully 
employed  in  the  cylinder  at  each  stroke,  was  only  the  quan- 
tity which  filled  the  cylinder;   and  therefore,  in  order  to 
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ascertain  the  quantity  of  steam  lost  by  the  imperfection  of 
the  machine,  it  was  necessary  to  compare  the  actual  quantity 
of  steam  transmitted  by  the  boiler  to  the  cylinder  at  each 
stroke,  with  the  quantity  which  would  just  fill  the  cylinder. 
The  difference  would  of  course  be  wasted.  But  to  determine 
the  actual  quantity  of  steam  supplied  by  the  boiler  to  the 
cylinder,  there  was  no  other  means  than  by  observing  the 
quantity  of  water  evaporated  in  the  boiler.  That  being  ob- 
eerved,  it  was  necessary  to  know  the  quantity  of  steam  which 
that  water  formed  ;  and  it  was  therefore  necessary  to  deter- 
mine the  quantity  or  volume  of  steam  which  a  given  volume 
of  water  produced. 

(37.)  His  investigation  of  the  imperfections  of  the  atmo- 
spheric engine  —  On  considering  more  attentively  the  opera- 
tion of  the  machine,  the  following  circumstances  gradually 
unfolded  themselves  to  him. 

Let  us  suppose  the  piston  at  the  top  of  the  cylinder,  and 
the  space  in  the  cylinder  below  it,  filled  with  steam  so  as  to 
balance  the  pressure  of  the  atmosphere  above  the  piston. 
Under  such  circumstances  the  steam,  as  will  presently  be 
explained,  must  have  the  temperature  of  boiling  water.  But 
that  the  steam  should  have,  and  should  maintain,  this  tem- 
perature, it  was  evidently  necessary  that  the  inner  surface  of 
the  cylinder  in  contact  with  it  should  have  the  same  tempera- 
ture :  for  if  it  had  a  lower  temperature,  it  would  take  heat 
from  the  steam,  and  reduce  the  temperature  of  the  latter. 
Now  the  cylinder  being  a  mass  of  metal,  has  a  quality  in 
virtue  of  which  heat  passes  freely  through  its  dimensions,  so 
that  its  inner  surface  could  not  be  maintained  at  a  tempera- 
ture more  elevated  than  that  of  its  dimensions  extending 
from  the  inner  surface  to  the  outer  surface.  Therefore,  to 
maintain  the  steam  contained  in  the  cylinder  at  the  proper 
temperature,  it  was  essential  that  the  whole  of  the  solid  metal 
composing  the  cylinder  should  be  itself  at  that  temperature. 

Things  being  in  this  state,  it  was  required  that  a  vacuum 
should  be  produced  under  the  piston  to  give  effect  to  the  at- 
mospheric pressure  above  it,  by  relieving  it  from  the  pressure 
below.  This  indeed,  would  appear  to  have  been  attained  by 
introducing  as  much  cold  water  within  the  cylinder  as  would 
be  sufficient  to  reconvert  the  steam  contained  in  it  into 
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water;  but  Watt  found,  in  his  experiments  on  the  atmo- 
spheric model,  that  the  piston  would  not  descend  with  the 
proper  force,  unless  a  vastly  greater  quantity  of  water  were 
introduced  into  the  cylinder  than  the  quantity  which  he  had 
ascertained  to  be  necessary  for  the  reconversion  of  the  steam 
into  water.  The  cause  of  this  he  perceived  and  fully  ex- 
plained. 

If  we  suppose  as  much,  and  no  more,  cold  water  introduced 
into  the  cylinder  as  would  reconvert  the  steam  contained  in 
it  into  water,  then  we  should  have  in  the  bottom  of  the  cy- 
linder a  quantity  of  warm  water  with  a  vacuum  above  it :  but 
the  entire  mass  of  metal  composing  the  cylinder  itself,  which 
was  previously  at  the  temperature  of  boiling  water,  would 
still  be  at  the  same  temperature.  The  warm  water,  resting  in 
contact  with  this  metal  in  the  bottom  of  the  cylinder,  would 
be  immediately  heated  by  it,  and  would  rise  in  its  tempera- 
ture, while  the  metal  of  the  cylinder  itself  would  be  some- 
what lowered  in  temperature  by  the  heat  which  it  would  thus 
impart  to  the  warm  water  contained  in  it.  Under  these  cir- 
cumstances, as  we  shall  presently  explain,  steam  would  be 
produced  from  the  water,  which  would  fill  the  cylinder;  and 
although  such  steam  would  not  have  a  mechanical  pressure 
equal  in  amount  to  the  atmosphere,  and  therefore  would  not 
altogether  prevent  the  piston  from  descending  if  it  had  no 
load  to  move,  yet  it  would  deprive  the  engine  of  so  great  a 
portion  of  its  legitimate  power  as  to  render  it  altogether  in- 
efficient. But  this  defect  would  be  removed  by  throwing  into 
the  cylinder  a  sufficient  quantity  of  cold  water,  not  only  to 
destroy  the  steam  contained  in  it,  but  also  to  cool  the  entire 
mass  of  metal  composing  the  cylinder  itself,  until  it  would  be 
reduced  to  such  a  temperature  that  the  vapour  proceeding 
from  the  water  contained  in  it  would  have  so  small  a  pressure 
that  it  would  not  seriously  or  injuriously  obstruct  the  descent 
of  the  piston. 

The  piston  being  made  to  descend  with  such  force  as  to 
render  the  machine  practically  efficient,  it  would  then  be  ne- 
cessary again  to  make  it  ascend ;  and  to  accomplish  this, 
Watt  found  that  the  boiler  should  supply  a  quantity  of  steam 
many  times  greater  than  was  necessary  to  fill  the  cylinder. 
Mature  reflection  on  the  circumstances  which  have  been  just 
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explained,  enabled  him  to  discover  how  this  undue  quantity 
of  steam  was  rendered  necessary. 

Let  it  be  recollected,  that  when  the  piston  has  reached  the 
bottom  of  the  cylinder,  the  whole  mass  of  the  cylinder,  and 
the  piston  itself,  are  reduced  to  so  low  a  temperature  that 
the  vapour  of  water,  having  the  same  temperature,  has  no 
pressure  sufficiently  great  to  obstruct  the  action  of  the  ma- 
chine. When,  in  order  to  make  the  piston  ascend,  steam  is 
introduced  from  the  boiler  into  the  cylinder  under  the  piston, 
this  steam  encounters,  in  the  first  instance,  the  cold  surfaces 
of  the  metal  forming  the  bottom  of  tlie  cylinder  and  the  bot- 
tom of  the  piston.  The  first  efiect  of  this  is  to  convert  the 
steam  which  comes  from  the  boiler  into  water,  an  effect  which 
}s  produced  by  that  steam  imparting  its  heat  to  the  metal 
with  which  it  comes  into  contact.  This  destruction  of  steam 
continues  until  the  metal  exposed  to  contact  with  it  has  been 
heated  up  to  the  temperature  of  boiling  water.  Then,  and 
not  till  then,  the  steam  below  the  piston  will  have  a  pressure 
equal  to  that  of  the  atmosphere  above  it,  and  the  piston  will 
begin  to  ascend.  As  it  ascends,  however,  the  sides  of  the 
cylinder  which  it  exposes  to  the  contact  of  the  steam  are 
cold,  and  partially  destroy  the  steam.  Steam,  therefore,  must 
be  supplied  from  the  boiler  to  replace  the  steam  thus  de- 
stroyed ;  nor  can  the  piston  reach  the  top  of  the  cylinder 
until  such  a  quantity  of  steam  shall  have  flowed  from  the 
boiler  into  the  cylinder,  as  shall  be  sufficient  not  only  to  fill 
the  cylinder  under  the  piston,  but  likewise,  by  its  condensa- 
tion, to  raise  the  whole  mass  of  the  cylinder  and  piston  to 
the  temperature  of  boiling  water. 

Such  were  the  circumstances  which  forced  themselves  upon 
the  attention  of  Watt,  in  the  course  of  repairing,  and  subse- 
quently trying,  the  model  of  the  atmospheric  engine,  at  Glas- 
gow. Being  informed  generally  of  the  uses  of  the  engine  in 
the  drainage  of  mines,  and  of  the  vast  expense  attending  its 
operation,  by  reason  of  the  quantity  of  fuel  which  it  con- 
sumed, he  saw  how  important  any  improvement  would  be  by 
which  the  extensive  sources  of  waste  which  had  thus  pre- 
sented themselves  could  be  removed.  He  saw  also,  that  all 
that  portion  of  steam  which  was  expended,  not  in  filling  the 
cylinder  under  the  piston,  but  in  raising  the  great  mass  of 
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metal  composing  the  cylinder  and  piston,  from  a  low  temper- 
ature to  that  of  boiling  water,  upon  each  stroke  of  the  piston, 
was  so  much  heat  lost,  and  that  the  proportion  of  the  fuel 
expended  in  producing  the  steam  thus  wasted  would  be 
saved,  if  bj  any  expedient  he  could  make  the  piston  descend 
without  cooling  the  cylinder.  But  in  order  to  estimate  the 
full  amount  of  this  waste,  and  to  discover  the  most  effectual 
means  of  preventing  it,  it  was  necessary  to  investigate  the 
quantity  of  heat  necessary  for  the  evaporation  of  a  given 
quantity  of  water ;  also,  the  quantity  of  steam  which  a  given 
quantity  of  water  would  produce,  as  well  as  other  circum- 
stances connected  with  the  temperature  and  pressure  of 
steam.  He  therefore  applied  himself  to  make  experiments 
with  a  view  to  elucidate  these  questions ;  and  succeeded  in 
obtaining  results  which  led  to  the  discovery  of  some  of  the 
most  important  of  those  physical  phenomena,  on  the  due  ap- 
plication of  which,  the  efficacy  of  the  steam  engine,  which  he 
afterwards  invented,  depended,  and  which  also  form  striking 
facts  in  the  general  physics  of  heat. 

(38.)  His  investigation  of  the  properties  of  steam. — The 
first  question  to  which  he  directed  his  experiments,  was  the 
determination  of  the  extent  to  which  water  enlarged  its 
volume,  or  magnitude,  when  it  passed  into  steam.  To  as- 
certain this,  he  filled  a  thin  Florence  flask  with  steam,  of  a 
pressure  equal  to  the  atmosphere,  and  weighed  it  accurately. 
The  same  flask  was  then  filled  with  water,  and  weighed 
again.  Finally,  the  weight  of  the  flask  itself  was  ascer- 
tained. It  is  evident,  that  by  such  means,  the  exact  weight  of 
the  steam  which  filled  the  flask,  and  of  the  same  bulk  of 
water,  would  be  obtained.  He  found  that  the  water  weighed 
about  eighteen  hundred  times  more  than  the  steam ;  from 
whence  he  inferred  that  the  steam  which  filled  the  flask  con- 
tained about  eighteen  hundred  times  less  water  than  the 
flask  would  contain. 

Having  once  ascertained  this  point,  he  was  able,  by  ob- 
serving the  quantity  of  water  evaporated  in  the  boiler  of  the 
atmospheric  model,  to  compute  the  volume  of  steam  which 
was  supplied  to  the  cylinder.  It  was  evident,  that  for  every 
cubic  inch  of  water  evaporated  in  the  boiler,  eighteen  hun- 
dred cubic  inches  of  steam  were  supplied  to  the  cylinder. 
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Having  accurately  observed  the  evaporation  of  the  boiler  for 
a  short  time,  and  the  number  of  strokes  made  by  the  piston  in 
the  same  time,  he  found  that  the  quantity  of  water  evaporated 
in  the  boiler  would  supply  about  four  times  as  much  steam 
as  the  cylinder  would  require.  He  consequently  inferred, 
that  about  three -fourths  of  the  steam  produced  was  wasted. 

The  next  question  to  which  he  directed  his  experiments, 
was  to  ascertain  the  quantity  of  cold  water  necessary  to  be 
injected  into  the  cylinder,  in  order  to  condense  the  steam 
contained  in  it.  To  ascertain  this,  he  attached  a  pipe  to  a 
boiler,  by  which  he  was  enabled  to  conduct  the  steam  from 
the  boiler  into  a  glass  jar  containing  cold  water  at  fifty-two 
degrees  of  temperature.  The  steam,  as  it  passed  from  the 
boiler  through  the  pipe,  was  condensed  by  the  cold  water, 
and  continued  to  be  so  condensed,  until,  by  the  heat  which 
it  imparted  to  the  water,  the  latter  began  to  boil,  and  would 
then  condense  no  more  steam.  On  comparing  the  water  in 
the  glass  jar,  when  boiling,  with  the  water  originally  con- 
tained in  it  at  fifty-two  degrees,  the  quantity  was  found  to 
be  increased  in  the  proportion  of  six  to  seven,  very  nearly  ; 
from  which  he  inferred,  that  to  reduce  one  ounce  of  steam  to 
water,  it  was  necessary  to  mix  about  six  ounces  of  cold  water 
with  it. 

He  was  further  led  to  the  conclusion,  that  steam  contains 
a  vast  quantity  of  heat,  by  the  following  experiment.  He 
heated,  in  a  close  digester,  a  quantity  of  water  several  degrees 
above  the  common  boiling  point.  When  thus  heated,  by 
opening  a  stop-cock,  he  allowed  the  compressed  steam  to  es- 
cape into  a  cold  vessel;  in  three  or  four  seconds,  he  found 
that  the  heat  of  the  water  in  the  digester  was  reduced  from 
a  very  high  temperature  to  the  common  boiling  point ;  yet, 
that  all  the  steam  which  escaped  from  it,  and  which  carried 
off  with  it  the  superabundant  heat,  formed  only  a  few  drops 
of  water  when  condensed;  from  which  he  inferred,  that  this 
small  quantity  of  water,  in  the  form  of  steam,  contained  as 
much  heat  as  was  sufiicient  to  raise  all  the  water  in  the  di- 
gester from  the  boiling  point  to  the  temperature  at  which  it 
was  before  the  steam  was  allowed  to  escape. 

Having  thus  ascertained  the  exact  quantity  of  cold  water 
which  ought  to  be  injected  into  the  cylinder  in  order  to  con- 
dense the  steam  which  filled  the  cylinder,  he  found,  on  com- 
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paring  the  quantity  necessary  to  be  injected  in  order  to  en- 
able the  piston  to  descend,  that  this  quantity  was  about  four 
times  as  great  as  that  which  was  necessary  to  condense  the 
steam.  This  led  him  to  the  conclusion,  that  about  four 
times  as  much  heat  was  destroyed  in  the  cylinder  as  needed 
to  be  destroyed,  if  the  object  were  the  mere  condensation  of 
the  steam.  This  result  fully  corroborated  the  other  con- 
clusion deduced  from  the  proportion  which  he  found  be- 
tween the  quantity  of  steam  supplied  by  the  boiler  and  the 
actual  contents  of  the  cylinder. 

Watt  was  forcibly  struck  with  these  circumstances,  not 
only  on  account  of  their  imj>ortance  in  an  economical  point 
of  view,  when  their  relation  to  steam  power  was  considered, 
but  still  more  so,  as  indicating  phenomena  in  the  physics  of 
heat  altogether  novel  to  him. 

He,  therefore,  eagerly  sought  his  friend  Dr.  Black,  to 
whom  he  communicated  these  results.  Then,  for  the  first 
time,  he  was  informed,  by  Black,  of  the  theory  of  latent 
HEAT,  which  had  recently  been  discovered  by  him,  and  of 
which  these  very  phenomena  formed  the  basis. 

At  the  period  to  wliich  we  have  now  brought  the  history 
of  the  invention  of  the  steam  engine.  Watt  had  obtained, 
chiefly  by  his  own  experiments,  a  suflScient  knowledge  of  the 
phenomena  which  have  been  just  explained,  to  enable  him  to 
arrive  at  the  conclusion  that  a  very  small  proportion  of  the 
whole  mechanical  effect  attending  the  evaporation  was  really 
rendered  available  by  the  atmospheric  engine ;  and  that, 
therefore,  extensive  and  injurious  sources  of  waste  existed  in 
its  machinery. 

He  perceived  that  the  principal  source  of  this  wasteful  ex- 
penditure of  power  consisted  in  the  quantity  of  steam  which 
was  condensed  at  each  stroke  of  the  piston,  in  heating  the 
cylinder  previous  to  the  ascent  of  the  piston.  Yet,  as  it  was 
evident  that  that  ascent  could  not  be  accomplished  in  a  cold 
cylinder,  it  was  apparent  that  this  waste  of  power  must  be 
inevitable,  unless  some  expedient  could  be  devised,  by  which 
a  vacuum  could  be  maintained  in  the  cylinder,  without  cool- 
ing it.  But,  to  produce  such  a  vacuum,  the  steam  must  be 
condensed  ;  and,  to  condense  the  steam,  its  temperature  must 
be  lowered  to  such  a  point  that  the  vapour  proceeding  from 
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it  shall  have  no  injurious  pressure  ;  yet,  if  condensed  steam 
be  contained  in  a  cylinder  at  a  high  temperature,  it  will  re- 
turn to  the  temperature  of  the  cylinder,  recover  its  elasticity, 
and  resist  the  descent  of  the  piston. 

(39.)  His  discovery  of  separate  condensation.  —  Having 
reflected  on  these  circumstances,  it  became  apparent  to  Watt, 
that  a  vice  was  inherent  in  the  structure  of  the  atmospheric 
engine,  which  rendered  a  large  waste  of  power  inevitable ; 
this  vice  arising  from  the  fact,  that  the  condensation  of  the 
steam  was  incompatible  with  the  condition  of  maintaining 
the  elevated  temperature  of  the  cylinder  in  which  that  con- 
densation took  place.  It  followed,  therefore,  either  that  the 
steam  must  be  imperfectly  condensed,  or  that  the  condensa- 
tion could  not  take  place  in  the  cylinder.  It  was  in  1765, 
that,  pondering  on  these  circumstances,  the  happy  idea  oc- 
curred to  him,  that  the  production  of  a  vacuum  could  be 
equally  effected,  though  the  place  of  the  condensation  of  the 
steam  were  not  the  cylinder  itself.  He  saw,  that  if  a  vessel 
in  which  a  vacuum  was  produced  were  put  into  communi- 
cation with  another  containing  an  elastic  fluid,  the  elastic 
fluid  would  rush  into  the  vacuum,  and  diffuse  itself  through 
the  two  vessels ;  but  if,  on  rushing  into  such  vacuum,  this 
elastic  fluid,  being  vapour,  were  there  condensed,  and  restored 
to  the  liquid  form,  that  then  the  space  within  the  two  vessels 
would  be  equally  i-endered  a  vacuum ; — that,  under  such  cir- 
cumstances, one  of  the  vessels  might  be  maintained  at  any 
temperature,  however  high,  while  the  other  might  be  kept  at 
any  temperature,  however  low.  This  felicitous  conception 
formed  the  first  step  in  that  splendid  career  of  invention  and 
discovery  which  has  conferred  immortality  on  the  name  of 
Watt.  He  used  to  say,  that  the  moment  the  idea  of  separate 
condensation  occurred  to  him, — that  is,  of  condensing,  in  one 
vessel  kept  cold,  the  steam  coming  from  another  vessel  kept 
hot, — all  the  details  of  his  improved  engine  rushed  into  his 
mind  in  such  rapid  succession,  that,  in  the  course  of  a  day, 
his  invention  was  so  complete  that  he  proceeded  to  submit  it 
to  experiment. 

To  explain  the  first  conception  of  this  memorable  inven- 
tion; let  a  tube  or  pipe,  s  {Jig.  15. )i  be  imagined  to  proceed 
from  the  bottom  of  the  cylinder  A  b  to  a  vessel,  c,  having 
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a  stop-cock,  D,  by  which  the  communication  between  the 

cylinder  and  the  vessel  c 
may  be  opened  or  closed 
at  pleasure.     Let  us  sup- 
pose the  piston  p  at  the 
top  of  the  cylinder,  and 
the  space  below  it  filled 
with  steam,  the  cylinder 
and  steam  being  at  the 
usual  temperature,  while 
the  vessel  c  is  a  vacuum, 
and  maintained  at  a  low 
temperature.     Then,    on 
opening  the  cock  d,  the 
steam  will  rush  from  the 
cylinder  a  b  through  the 
tube  s,  and,  passing  into 
the  cold  vessel  c,  will  be 
condensed  by  contact  with 
its  cold  sides.    This  process  of  condensation  will  be  rendered 
instantaneous  if  a  jet  of  cold  water  is  allowed  to  play  in  the 
vessel  c.     When  the  steam  thus  rushing  into  c,  has  been 
destroyed,  and  the  space   in  the  cylinder  A  b  becomes  a 
vacuum,  then  the  pressure  of  the  atmosphere  being  unob- 
structed, the  piston  will  descend  with  the  force  due  to  the 
excess  of  the  pressure  of  the  atmosphere  above  the  friction. 
When  it  has  descended,  suppose  the  stop-cock  d  closed,  and 
steam  admitted  from  the  boiler  through  a  proper  cock  or 
valve  below  the  piston,  the  cylinder  and  piston  being  still 
at  the  same  temperature  as  before.     The  steam  on  entering 
the  cylinder,  not  being  exposed  to  contact  with  any  surface 
below  its  own  temperature,  will  not  be  condensed,  and  there- 
fore will  immediately  cause  the  piston  to  rise,  and  the  piston 
will  have  attained  the  top  of  the  cylinder  when    as  much 
steam  shall  have  been  supplied  by  the  boiler  as  will  fill  the 
cylinder.    When  this  has  taken  place,  suppose  the  communi- 
cation with  the  boiler  cut  off,  and  the  cock  D  once  more 
opened :  the  steam  will  again  rush  through  the  pipe  s  into 
the  vessel  c,  where  encountering  the  cold  surface  and  the  jet 
of  cold  water,  it  will  be  condensed,  and  the  vacuum,  as  before. 
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will  be  produced  in  the  cylinder  A  b  ;  that  cylinder  still 
maintaining  its  temperature,  the  piston  will  again  descend, 
and  so  the  process  may  be  continued. 

(40.)  Invention  of  the  air-pump.  —  Having  carried  the 
invention  to  this  point,  Watt  saw  that  the  vessel  c  would 
gradually  become  heated  by  the  steam  which  would  be 
continually  condensed  in  it.  To  prevent  this,  as  well  as  to 
supply  a  constant  jet  of  cold  water,  he  proposed  to  keep  the 
vessel  c,  submerged  in  a  cistern  of  cold  water,  from  which  a 
pipe  should  conduct  a  jet  to  play  within  the  vessel,  so  as  to 
condense  the  steam  as  it  would  pass  from  the  cylinder. 

But  here  a  difficulty  presented  itself,  against  which  it  was 
necessary  to  provide.  The  cold  water  admitted  through  the 
jet  to  condense  the  steam,  mixed  with  the  condensed  steam 
itself,  would  gradually  collect  in  the  vessel  c,  and  at  length 
choke  it.  To  prevent  this.  Watt  proposed  to  put  the  vessel 
C  in  communication  with  a  pump  f,  which  might  be  wrought 
by  the  engine  itself,  and  by  which  the  water,  which  would 
collect  in  the  bottom  of  the  vessel  c,  would  be  constantly 
drawn  off.  This  pump  would  be  evidently  rendered  the  more 
necessary,  since  more  or  less  atmosphei'ic  air,  always  com- 
bined with  water  in  its  common  state,  would  enter  the  vessel 
C  by  the  condensing  jet.  This  air  would  be  disengaged  in 
the  vessel  c  by  the  heat  of  the  steam  condensed  therein ;  and 
it  would  rise  through  the  tube  s,  and  vitiate  the  vacuum  in 
the  cylinder ; —  an  effect  which  would  be  rendered  the  more 
injurious  inasmuch  as,  unlike  steam,  this  elastic  fluid  would 
be  incapable  of  being  condensed  by  cold.  The  pump  f,  there- 
fore, by  which  Watt  proposed  to  draw  off  the  water  from  the 
vessel  c,  might  also  be  made  to  draw  off  the  air,  or  the 
principal  part  of  it. 

The  vessel  c  was  subsequently  called  a  condenser ;  and, 
from  the  circumstances  just  adverted  to,  the  pump  f  has  been 
called  the  air-pump. 

These — namely,  the  cylinder,  the  condenser,  and  the  air 
pump — were  the  three  principal  parts  in  the  invention,  as  it 
first  presented  itself  to  the  mind  of  Watt  —  and  even  before 
it  was  reduced  to  a  model,  or  submitted  to  experiment.  But, 
in  addition  to  these,  other  two  improvements  offered  them- 
selves in  the  very  first  stage  of  its  progress. 
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(41.)  Substitutes  steam  pressure  for  the  atmosphere. — In 
the  atmospheric  engine,  the  piston  was  maintaiDed  steam- 
tiglit  in  the  cylinder  by  supplying  a  stream  of  cold  water 
above  it,  by  which  the  small  interstices  between  the  piston 
and  cylinder  would  be  stopped.  It  is  evident  that  the  effect 
of  this  water  as  the  piston  descended  would  be  to  cool  the 
cylinder,  besides  which  any  portion  of  it  which  might  pass 
between  the  piston  and  cylinder  and  which  would  pass  below 
the  piston,  would  boil  the  moment  it  would  fall  into  the 
cylinder,  which  itself  would  be  maintained  at  the  boiling 
temperature.  This  water,  therefore,  would  produce  steam, 
the  pressure  of  which  would  resist  the  descent  of  the  piston. 

Watt  perceived,  that  even  though  this  inconvenience  were 
removed  by  the  use  of  oil  or  tallow  upon  the  piston,  still, 
that  as  the  piston  would  descend  in  the  cylinder,  the  cold  at- 
mosphere would  follow  it ;  and  would,  to  a  certain  extent, 
lower  the  temperature  of  the  cylinder.  On  the  next  ascent 
of  the  piston,  this  temperature  would  have  to  be  again  raised 
to  212°  by  the  steam  coming  from  the  boiler,  and  would  entail 
upon  the  machine  a  proportionate  waste  of  power. 

If  the  atmosphere  of  the  engine  house  could  be  kept 
heated  to  the  temperature  of  boiling  water,  this  inconvenience 
would  be  removed.  The  piston  would  then  be  pressed  down 
by  air  as  hot  as  the  steam  to  be  subsequently  introduced  into 
it.  On  further  consideration,  however,  it  occurred  to  Watt 
that  it  would  be  still  more  advantageous  if  the  cylinder  itself 
could  be  worked  in  an  atmosphere  of  steam,  having  only  the 
same  pressure  as  the  atmosphere.  Such  steam  would  press 
the  piston  down  as  effectually  as  the  air  would  ;  and  it  would 
have  the  further  advantage  over  air,  that  if  any  portion  of  it 
leaked  through  between  the  piston  and  cylinder,  it  would  be 
condensed,  which  could  not  be  the  case  with  atmospheric  air. 

(42.)  Invention  of  the  steam  jacket.  — He  therefore  de- 
termined on  surrounding  the  cylinder  by  an  external  casing, 
the  space  between  which  and  the  cylinder  he  proposed  to  be 
filled  with  steam  supplied  from  the  boiler.  The  cylinder 
would  thus  be  enclosed  in  an  atmosphere  of  its  own,  inde- 
pendent of  the  external  air,  and  the  vessel  so  enclosing  it 
would  only  require  to  be  a  little  larger  than  the  cylinder,  and 
to  have  a  close  cover  at  the  top,  the  centre  of  which  might 
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be  perforated  with  a  hole  to  admit  the  rod  of  the  piston  to 
pass  through,  the  rod  being  made  smooth,  and  so  fitted  to 
the  perforation  that  no  steam  should  escape  between  them. 
This  method  would  be  attended  also  with  the  advantage  of 
keeping  the  cylinder  and  piston  always  heated,  not  only  in- 
side but  outside ;  and  Watt  saw  that  it  would  be  further  ad- 
vantageous to  employ  the  pressure  of  steam  to  drive  the 
piston  in  its  descent  instead  of  the  atmosphere,  as  its  intensity 
or  force  would  be  much  more  manageable ;  for,  by  increasing 
or  diminishing  the  heat  of  the  steam  in  which  the  cylinder 
was  enclosed,  its  pressure  might  be  regulated  at  pleasure, 
and  it  might  be  made  to  urge  the  piston  with  any  force  that 
might  be  required.  The  power  of  the  engine  would  there- 
fore be  completely  under  control,  and  independent  of  all 
variations  in  the  pressure  of  the  atmosphere. 

This  was  a  step  which  totally  changed  the  character  of 
the  machine,  and  which  rendered  it  a  steam  engine  instead 
of  an  ATMOSPHERIC  ENGINE.  Not  Only  was  the  vacuum 
below  the  piston  now  produced  by  the  property  of  steam,  in 
virtue  of  which  it  is  reconverted  into  water  by  cold  ;  but  the 
pressure  which  urged  the  piston  into  this  vacuum  was  due  to 
the  elasticity  of  steam. 

The  external  cylinder,  within  which  the  working  cylinder 
was  enclosed,  was  called  the  jacket,  and  is  still  very  gene- 
rally used. 

(43.)  Practical  realisation  of  these  inventions.  —  The  first 
experiment  in  which  Watt  attempted  to  realise,  on  a  small 
scale,  his  conceptions,  was  made  in  the  following  manner. 
The  cylinder  of  the  engine  was  represented  by  a  brass 
syringe  ab  {fig.  16.)  an  inch  and  a  third  in  diameter,  and 
ten  inches  in  length,  to  which  a  top  and  a  bottom  of  tin  plate 
was  fitted.  Steam  was  conveyed  by  a  pipe  s,  from  a  small 
boiler  into  the  lower  end  of  this  syringe,  a  communication 
being  made  with  the  upper  end  by  a  branch  pipe  D.  For 
the  greater  convenience  of  the  experiment,  it  was  found 
desirable  to  invert  the  position  of  the  cylinder,  so  that  the 
steam  should  press  the  piston  p  upwards  instead  of  down- 
wards. The  piston  rod  k  therefore  was  presented  down- 
wards. An  eduction  pipe  E  was  also  inserted  in  the  top  of 
the   cylinder,    which  was   carried  to  the   condenser.     The 
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piston  rod  was  made  hollow,  or  rather  a  hole  was  drilled 
longitudinally  through  it,  and  a  valve  was  fitted  at  its  lower 
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end,  to  carry  off  the  water  produced  by  the  steam,  which 
would  be  condensed  in  the  cylinder  in  the  commencement  of 
the  process.  The  condenser  used  in  this  experiment  operated 
without  injection,  the  steam  being  condensed  by  the  contact 
of  cold  surfaces.  It  consisted  of  two  thin  pipes,  f  g,  of  tin, 
ten  or  twelve  inches  in  length,  and  the  sixth  of  an  inch  in 
diameter,  standing  beside  each  other  perpendicularly,  and 
communicating  at  the  top  with  the  eduction  pipe,  which  was 
provided  with  a  valve  opening  upwards.  At  the  bottom  these 
two  pipes  communicated  with  another  tube  i  of  about  an  inch 
in  diameter,  by  a  horizontal  pipe,  having  in  it  a  valve,  m, 
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opening  towards  i,  fitted  with  a  piston  k,  which  served  the 
office  of  the  air-pump,  being  worked  by  the  hand.  This 
piston.  K,  had  valves  in  it  opening  upwards.  These  con- 
densing pipes  and  air-pump  were  immersed  in  a  small  cis- 
tern, filled  with  cold  water.  The  steam  was  conveyed  by  the 
steam  pipe  s  to  the  bottom  of  the  cylinder,  a  communication 
between  the  top  and  bottom  of  the  cylinder  being  occasionally 
opened  by  a  cock,  c,  placed  in  the  branch  pipe.  The  educ- 
tion pipe  leading  to  the  condenser  also  had  a  cock,  l,  by 
which  the  communication  between  the  top  of  the  cylinder 
and  the  condenser  might  be  opened  and  closed  at  pleasure. 
In  the  commencement  of  the  operation,  the  cock  N  admitting 
Steam  from  the  boiler,  and  the  cock  l  opening  a  communi- 
cation between  the  cylinder  and  the  condenser,  and  the  cock 
c  opening  a  communication  between  the  top  and  bottom  of 
the  cylinder,  being  all  open,  steam  rushed  from  the  boiler, 
passing  through  all  the  pipes,  and  filling  the  cylinder.  A 
current  of  mixed  air  and  steam  was  thus  produced  through 
the  eduction  pipe  E,  through  the  condensing  pipes  r  and  G, 
and  through  the  air-pump  i,  which  issued  from  the  valve  H  in 
the  eduction  pipe,  and  from  the  valve  in  the  air-pump  piston, 
all  of  which  opened  upwards.  The  steam  also  in  the  cylinder 
passed  through  the  hole  drilled  in  the  piston  rod,  and  escaped, 
mixed  with  air,  through  the  valve  in  the  lower  end  of  that 
rod.  This  process  was  continued  until  all  the  air  in  the 
cylinder,  pipes,  and  condenser  was  blown  out,  and  all  these 
spaces  filled  with  pure  steam.  The  cocks  l,  c,  and  N  were 
then  closed,  and  the  atmospheric  pressure  closed  the  valve  ii 
and  the  valves  in  the  air-pump  piston.  The  cold  surfaces 
condensing  the  steam  in  the  pipes  F  and  G,  and  in  the  lower 
part  of  the  air-pump,  a  vacuum  was  produced  in  these  spaces. 
The  cock  c  being  now  closed,  and  the  cocks  l  and  N  being 
open,  the  steam  in  the  upper  part  of  the  cylinder  rushed 
through  the  pipe  e  into  the  condenser,  where  it  was  reduced 
to  water,  so  that  a  vacuum  was  left  in  the  upper  part  of  the 
cylinder.  The  steam  from  the  boiler  passing  below  the 
piston,  pressed  it  upwards  with  such  force,  that  it  lifted  a 
weight  of  eighteen  pounds  hung  from  the  end  of  the  piston 
rod.  AVhen  the  piston  reached  the  top  of  the  cylinder,  the 
cocks  L  and  N  were  closed,  and  the  cock  c  opened.   All  com- 
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munication  between  the  cylinder  and  the  boiler,  as  well  as 
between  the  cylinder  and  tlie  condenser,  were  now  cut  off, 
and  the  steam  in  the  cylinder  circulated  freely  above  and 
below  the  piston,  by  means  of  the  open  tube  d.  The  piston, 
being  subject  to  equal  forces  upwards  and  downwards,  would 
therefore  descend  by  its  own  weight,  and  would  reach  the 
bottom  of  the  cylinder.  The  air-pump  piston  meanwhile 
being  drawn  up,  the  air  and  the  condensed  steam  in  the  tubes 
F  and  G  were  drawn  into  the  air-pump  i,  through  the  open 
horizontal  tube  at  the  bottom.  Its  return  was  stopped  by  the 
valve  M.  By  another  stroke  of  the  air-pump,  this  water  and 
air  were  drawn  out  through  valves  in  the  piston,  which 
opened  upwards.  The  cock  c  was  now  closed,  and  the  cocks 
L  and  N  opened,  preparatory  to  another  stroke  of  the  piston. 
The  steam  in  the  upper  part  of  the  cylinder  rushed,  as  before, 
into  the  tubes  f  and  G,  and  was  condensed  by  their  cold  sur- 
faces, while  steam  from  the  boiler  coming  through  the  pipe  s, 
pressed  the  piston  upwards.  The  piston  again  ascended 
with  the  same  force  as  before,  and  in  the  same  manner  the 
process  was  continually  repeated. 

The  quantity  of  steam  expended  in  this  experimental 
model  in  the  production  of  a  given  number  of  strokes  of  the 
piston  was  inferred  from  the  quantity  of  water  evaporated  in 
the  boiler ;  and  on  comparing  this  with  the  magnitude  of  the 
cylinder  and  the  weight  raised  by  the  pressure  of  the  steam, 
the  contrivance  was  proved  to  affect  the  economy  of  steam,  as 
far  as  the  imperfect  conditions  of  such  a  model  could  have  per- 
mitted. A  larger  model  was  next  constructed,  having  an  outer 
cylinder,  or  steam  case,  surrounding  the  working  cylinder,  and 
the  experiments  made  with  it  fully  realised  Watt's  expect- 
ations, and  left  no  doubt  of  the  great  advantages  which  would 
attend  his  invention.  The  weights  raised  by  the  piston  proved 
that  the  vacuum  in  the  cylinder  produced  by  the  condensation 
was  almost  perfect ;  and  he  found  that  when  he  used  water 
in  the  boiler  which  by  long  boiling  had  been  well  cleared  of 
air,  the  weight  raised  was  not  much  less  than  the  whole 
amount  of  the  pressure  of  the  steam  upon  the  piston.  In  this 
larger  model,  the  cylinder  was  placed  in  the  usual  position, 
with  a  working  lever  and  other  apparatus  similar  to  that  em- 
ployed in  the  Atmospheric  Engine. 
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(44.)  Becomes  a  civil  engineer.  —  It  was  in  the  beginning 
of  the  year  1765,  "Watt  being  then  in  the  twenty-ninth  year 
of  his  age,  that  he  arrived  at  these  great  discoveries.  The 
experimental  models  just  described,  by  which  his  invention 
was  first  reduced  to  a  rude  practical  test,  were  fitted  up  at  a 
place  called  Delft  House,  in  Glasgow.  It  will  doubtless,  at 
the  first  view,  be  a  matter  of  surprise  that  improvements 
of  such  obvious  importance  in  the  economy  of  steam  power, 
and  capable  of  being  verified  by  tests  so  simple,  were  not 
immediately  adopted  wherever  atmospheric  engines  were 
used.  At  the  time,  however,  referred  to,  Watt  was  an 
obscure  artisan,  in  a  provincial  town,  not  then  arrived  at  the 
celebrity  to  which  it  has  since  attained,  and  the  facilities  by 
which  inventions  and  improvements  became  public  were 
much  less  than  they  have  since  become.  It  should  also  be 
considered  that  all  great  and  sudden  advances  in  the  useful 
arts  are  necessarily  opposed  by  the  existing  interests  with 
which  their  effects  are  in  conflict.  From  these  causes  of 
opposition,  accompanied  with  the  usual  influence  of  prejudice 
and  envy,  Watt  was  not  exempt,  and  was  not  therefore 
likely  suddenly  to  revolutionise  the  arts  and  manufactures 
of  the  country  by  displacing  the  moving  powers  employed  in 
them,  and  substituting  an  engine,  the  efficacy  and  power  of 
which  depended  mainly  on  physical  principles,  then  alto- 
gether new  and  but  imperfectly  understood. 

Not  having  the  command  of  capital,  and  finding  it  im- 
practicable to  inspire  those  who  had,  with  the  same  con- 
fidence in  the  advantages  of  his  invention  which  he  himself 
felt,  he  was  unable  to  take  any  step  towards  the  construction 
of  engines  on  a  large  scale.  Soon  after  this,  he  gave  up 
his  shop  in  Glasgow,  and  devoted  himself  to  the  business 
of  a  Civil  Engineer.  In  this  capacity  he  was  engaged  to 
make  a  survey  of  the  river  Clyde,  and  furnished  an  elaborate 
and  valuable  Report  upon  its  projected  improvements.  He 
was  also  engaged  in  making  a  plan  of  the  canal,  by  which 
the  produce  of  the  Monkland  Colliery  was  intended  to  be 
carried  to  Glasgow,  and  in  superintending  the  execution  of 
that  work.  Besides  these,  several  other  engineering  enter- 
prises occupied  his  attention,  among  which  may  be  men- 
tioned, the  navigable  canal  across  the  isthmus  of  Crinan, 
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afterwards  completed  by  Rennie ;  improvements  proposed 
in  the  ports  of  Ayr,  Glasgow,  and  Greenock  ;  the  con- 
struction of  the  bridges  at  Hamilton,  and  at  Rutherglen; 
and  the  survey  of  the  country  through  which  the  celebrated 
Caledonian  canal  was  intended  to  be  carried. 

(45.)  His  connection  with  Dr.  Roebuck. — Although  "Watt 
was  thus  attracted  by  pursuits  foreign  to  his  recent  investi- 
gations respecting  the  improvement  of  steam  power,  he  never 
lost  sight  of  that  object.  It  was  not  until  the  year  1768, 
three  years  after  his  great  discoveries,  that  any  step  was 
taken  to  enable  him  to  carry  them  into  effect  on  a  large  scale. 
At  that  time  his  friends  brought  him  into  communication 
with  Dr.  Roebuck,  the  proprietor  of  the  Carron  Iron  Works, 
who  rented  extensive  coal  works  at  Kinaeal  from  the  Duchess 
of  Hamilton.  Watt  was  first  employed  by  Roebuck  as  a  civil 
engineer ;  but  when  he  made  known  to  him  the  improve- 
ments he  had  projected  in  the  steam  engine.  Roebuck  proposed 
to  take  out  a  patent  for  an  engine  on  the  principle  of  the 
model  which  had  been  fitted  up  at  Delft  House,  and  to  join 
Watt  in  a  partnership  for  the  construction  of  such  engines. 
Sensible  of  the  advantages  to  be  derived  from  the  influence 
of  Roebuck,  and  from  his  command  of  capital.  Watt  agreed 
to  cede  to  him  two  tliirds  of  the  advantages  to  be  derived 
from  the  invention.  A  patent  was  accordingly  taken  out  on 
the  fifth  of  January,  1769,  nearly  four  years  after  the  inven- 
tion had  been  completed ;  and  an  experimental  engine  on  a 
large  scale  was  constructed  by  him,  and  fitted  up  at  Kinneal 
House.  In  the  first  trial  this  machine  more  than  fulfilled 
Watt's  anticipations.  Its  success  was  complete.  In  the 
practical  details  of  .its  construction,  however,  some  difficulties 
were  still  encountered,  the  greatest  of  which  consisted  in 
packing  the  piston,  so  as  to  be  steam-tight.  The  principle 
of  tlie  new  engine  did  not  admit  of  water  being  kept  upon 
the  piston,  to  prevent  leakage,  as  in  the  old  engines ;  he  was 
therefore  obliged  to  have  his  cylinders  much  more  accurately 
bored,  and  more  truly  cylindrical,  and  to  try  a  great  variety 
of  soft  substances  for  packing  the  piston,  which  would  make 
it  steam-tight  without  great  friction,  and  maintain  it  so  in  a 
situation  perfectly  dry,  and  at  the  temperature  of  boiling 
water. 
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While  Watt  was  endeavouring  to  overcome  these  and 
other  difficulties  in  the  construction  of  the  machine,  his 
partner,  Dr.  Roebuck,  became  embarrassed,  by  the  failure  of 
his  undertaking  in  the  Borrowstowness  coal  and  salt  works ; 
and  he  was  unable  to  supply  the  means  of  prosecuting  with 
the  necessary  vigour  the  projected  manufacture  of  the  new 
engines. 

(46.)  Is  associated  witfi.  3Iatthew  Boulton.  —  The  im- 
portant results  of  Watt's  labours  having  happily  at  this 
time  become  more  publicly  known,  Mr.  Matthew  Boulton, 
whose  establishment  at  Soho,  near  Birmingham,  was  at 
that  time  the  most  complete  manufactory  for  metal  work  in 
England,  and  conducted  with  unexampled  enterprise  and 
spirit,  proposed  to  purchase  Dr.  Roebuck's  interest  in  the 
patent.  This  arrangement  was  effected  in  the  year  1773, 
and  in  the  following  year  Mr.  Watt  removed  to  Soho,  where 
a  portion  of  the  establishment  was  allotted  to  him,  for  the 
erection  of  a  foundery,  and  other  works  necessary  to  realise 
his  inventions  on  a  grand  scale. 

The  patent  which  had  been  granted  in  1769  was  limited  to 
a  period  of  fourteen  years,  and  would  consequently  expire 
about  the  year  ]  783.  From  the  small  progress  which  had 
hitherto  been  made  in  the  construction  of  engines  upon  the 
new  principle,  and  from  the  many  difficulties  still  to  be 
encountered,  and  the  large  expenditure  of  capital  which 
must  obviously  be  incurred  before  any  return  could  be  ob- 
tained, it  was  apparent  that  unless  an  extension  of  the  patent 
right  could  be  obtained,  Boulton  and  Watt  could  never 
expect  any  advantage  adequate  to  the  risk  of  their  great  en- 
terprise. In  the  year  1774  an  application  was  accordingly 
made  to  parliament  for  an  extension  of  the  patent,  which  was 
supported  by  the  testimony  of  Dr.  Roebuck,  Mr.  Boulton, 
and  others,  as  to  the  merits  and  probable  utility  of  the  in- 
vention. An  Act  was  accordingly  passed,  in  1775,  extending 
the  term  of  the  patent  until  the  year  1800. 

(47.)  Description  of  Wattes  single  acting  steam  engine 

Thus  protected  and  supported,  Watt  now  directed  the  whole 
vigour  of  his  mind  to  perfect  the  practical  details  of  his  in- 
vention, and  the  result  was,  the  construction  on  a  large  scale 
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of  the  engine  which  has  since  been  called  his  Single- acting 
Steam  Engine. 

It  is  necessary  to  recollect,  that  notwithstanding  the  ex- 
tensive and  various  application  of  steam  power  in  the  arts 
and  manufactures,  at  the  time  to  which  our  narrative  has 
now  reached,  the  steam  engine  had  never  been  employed 
for  any  other  purpose  save  that  of  raising  water  by  working 
pumps.  The  motion,  therefore,  which  was  required  was 
merely  an  upward  force,  such  as  was  necessary  to  elevate  the 
piston  of  a  pump,  loaded  with  the  column  of  water  which  it 
raised.  The  following,  then,  is  a  description  of  the  improved 
engine  of  Watt,  by  which  such  work  was  proposed  to  be 
performed :  — 

In  the  cylinder  represented  at  c  (^fig-  17.),  the  piston  P 
moves  steam-tight.  It  is  closed  at  the  top,  and  the  piston 
rod,  being  accurately  turned,  runs  in  a  steam-tight  collar,  B, 
furnished  with  a  stuflSng  box,  and  is  constantly  lubricated 
with  melted  tallow.  A  funnel  is  screwed  into  the  top  of 
the  cylinder,  through  which,  by  opening  a  stop-cock,  melted 
tallow  is  permitted  from  time  to  time  to  fall  upon  the  pis- 
ton within  the  cylinder,  so  as  to  lubricate  it,  and  keep  it 
steam-tight.  Two  boxes,  A  A,  called  the  upper  and  lower 
steam  boxes,  contain  valves  t>y  which  steam  from  the  boiler 
may  be  admitted  and  withdrawn.  These  steam  boxes  are  con- 
nected by  a  tube  t,  and  they  communicate  with  the  cylin- 
der at  the  top  and  bottom  by  short  tubes  represented  in  the 
figure.  The  upper  steam  box  a  contains  one  valve,  by  which 
a  communication  with  the  boiler  may  be  opened  or  closed  at 
pleasure.  The  lower  valve  box  contains  two  valves.  The 
lower  valve  i  communicates  with  the  tube  t',  leading  to 
the  condenser  d,  which  being  opened  or  closed,  a  communi- 
cation is  made  or  cut  oiF  at  pleasure,  between  the  cylinder  c 
and  the  condenser  d.  A  second  valve,  h,  which  is  repre- 
sented closed  in  the  figure,  may  be  opened  so  as  to  make 
a  free  communication  between  the  cylinder  c  and  the  tube  t, 
and  by  that  means  between  the  cylinder  c,  below  the  piston 
and  the  space  above  the  piston.  The  condenser  d  is  sub- 
merged in  a  cistern  of  cold  water.  At  the  side  there  enters 
it  a  tube,  e,  governed  by  a  cock,  which  being  opened  or 
closed  to  any  required  extent,  a  jet  of  cold  water  may  be 
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Fig.  17. 


WATTS  SINGLE-ACTING  STEAM  ENGINE.         81 

allowed  to  play  in  the  condenser,  and  may  be  regulated  or 
stopped,  at  pleasure.  This  jet,  when  playing,  throws  the 
water  upwards  in  the  condenser  towards  the  mouth  of  the 
tube  t',  as  water  issues  from  the  rose  of  a  watering  pot. 
The  tube  s  proceeds  from  the  boiler,  and  terminates  in  tlie 
steam  box  a,  so  that  the  steam  supplied  from  the  boiler  con- 
stantly fills  that  box.  Tlie  upper  steam  valve  G  is  governed 
by  levers,  whose  pivots  are  attached  to  the  framing  of  the 
engine,  and  is  opened  or  closed  at  pleasure,  by  raising  or 
lowering  the  lever  g'.  The  valve  g,  when  open,  will  there- 
fore allow  steam  to  pass  from  the  boiler  through  the  short 
tube  to  the  top  of  the  piston,  and  this  steam  will  also  fill 
the  tube  t.  If  the  lower  valve  h  be  closed,  its  circulation 
beyond  that  point  will  be  stopped  ;  but  if  the  valve  H  be 
open,  the  valve  i  being  closed,  then  the  steam  will  circu- 
late equally  in  the  cylinder,  above  and  below  the  piston.  If 
the  valve  i  be  open,  then  steam  will  rush  through  the  tube 
t'  into  the  condenser ;  but  this  escape  of  the  steam  will  be 
stopped,  if  the  valve  i  be  closed.  The  valve  H  is  worked  by 
the  lever  h',  and  the  valve  i  by  the  lever  i'* 

The  valve  G  is  called  the  upper  steam  valve,  H  the  lower 
steam  valve,  i  the  exhausting  valve,  and  e  the  condensing 
valve. 

From  the  bottom  of  the  condenser  d  proceeds  a  tube 
leading  to  the  air-pump,  which  is  also  submerged  in  the 
cistern  of  cold  water.  In  this  tube  is  a  valve  m,  which  opens 
outwards  from  the  condenser  towards  the  air-pump.  In  the 
piston  of  the  air-pump  x  is  a  valve  which  opens  upwards. 
The  piston  rod  Q  of  the  air-pump  is  attached  to  a  beam  of 
wood  called  a  plug  frame,  which  is  connected  with  the  work- 
ing beam  by  a  flexible  chain  playing  on  the  small  arch-head 
immediately  over  the  air-pump.  From  the  top  of  the  air- 
pump  barrel  above  the  piston  proceeds  a  pipe  or  passage 
leading  to  a  small  cistern,  called  the  hot  well.  The  pipe 
which  leads  to  this  well  is  supplied  with  a  valve  k,  which 
opens  outwards  from  the  air-pump  barrel  towards  the  well. 
From  the  nature  of  its  construction,  the  valve  m  admits  the 
flow  of  water  from  the  condenser  towards  the  air-pump,  but 
prevents  its  return  ;  and,  in  like  manner,  the  valve  K  admits 
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the  flow  of  water  from  the  upper  part  of  the  air-pump  barrel 
into  the  hot  well,  but  obstructs  its  return. 

Let  us  now  consider  how  these  valves  should  be  worked  in 
order  to  move  the  piston  upwards  and  downwards  with  the 
necessary  force.  It  is  in  the  first  place  necessary  that  all  the 
air  which  fills  the  cylinder,  the  tubes,  and  the  condenser,  shall 
be  expelled.  To  accomplish  this  it  is  only  necessary  to  open 
at  once  the  three  valves  G,  h,  and  i.  The  steam  then  rushing 
from  the  boiler  through  the  steam-pipe  s  and  the  open  valve 
G,  will  pass  into  the  cylinder  above  the  piston,  will  fill  the 
tube  T,  pass  through  the  lower  steam  valve  h,  will  fill  the 
cylinder  c  below  the  piston,  and  will  pass  through  the  open 
valve  I  into  the  condenser.  If  the  valve  e  be  closed,  so  that 
nb  jet  shall  play  in  the  condenser,  the  steam  rushing  into  it 
will  be  partially  condensed  by  the  cold  surfaces  to  which  it 
will  be  exposed  ;  but  if  the  boiler  supply  it  through  the  pipe 
s  in  sufficient  abundance,  it  will  rush  with  violence  through 
the  cylinder  and  all  the  passages,  and  its  pressure  in  the  con- 
denser D,  combined  with  that  of  the  heated  air  with  which  it 
is  mixed,  will  open  the  valve  m,  and  it  will  rush  through 
mixed  with  the  air  into  the  air-pump  barrel  N.  It  will  press 
the  valves  in  the  air-pump  piston  upwards,  and,  opening  them, 
will  rush  through,  and  will  collect  in  the  air-pump  barrel 
above  the  piston.  It  will  then,  by  its  pressure,  open  the 
valve  K,  and  will  escape  into  the  cistern  b. 

Throughout  this  process  the  steam,  which  mixed  with  the 
air  fills  the  cylinder,  condenser,  and  air-pumps,  will  be  only 
partially  condensed  in  the  last  two,  and  it  will  escape  mixed 
with  air  through  the  valve  K,  and  this  process  will  continue 
until  all  the  atmospheric  air  which  at  first  filled  the  cylinder, 
tubes,  condenser,  and  air-pump  barrel,  shall  be  expelled 
through  the  valve  K,  and  these  various  spaces  shall  be  filled 
with  pure  steam.  When  that  has  happened,  let  us  suppose 
aiU  the  valves  closed.  In  closing  the  valve  i,  the  flow  of 
steam  to  the  condenser  will  be  stopped,  and  the  steam  con- 
tained in  it  will  speedily  be  condensed  by  the  cold  surface  of 
the  condenser,  so  that  a  vacuum  will  be  produced  in  the  con- 
denser, the  condensed  steam  falling  in  the  form  of  water  to 
the  bottom.  In  like  manner,  and  for  like  reasons,  a  vacuum 
will  be  produced  in  the  air-pump.     The  valve  M,  and  the 
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valves  in  the  air-pump  piston  will  be  closed  by  their  own 
weight. 

By  this  process,  which  is  called  blotcing  through,  the  atmo- 
spheric air,  and  other  permanent  gases,  which  filled  the 
cylinder,  tubes,  condenser,  and  air-pump,  are  expelled,  and 
these  spaces  will  be  a  vacuum.  The  engine  is  then  prepared 
to  be  started,  which  is  effected  in  the  following  manner :  — 
The  upper  steam  valve  G  is  opened,  and  steam  allowed  to 
flow  from  the  boiler  through  the  passage  leading  to  the  top 
of  the  cylinder.  This  steam  cannot  pass  to  the  bottom  of 
the  cylinder,  since  the  lower  steam  valve  h  is  closed.  The 
-pace  in  the  cylinder  below  the  piston  being  therefore  a 
vacuum,  and  the  steam  pressing  above  the  piston,  it  will  be 
pressed  downwards  with  a  corresponding  force.  When  it  has 
arrived  at  the  bottom  of  the  cylinder,  the  steam  valve  G  must 
be  closed,  and  at  the  same  time  the  valve  n  opened.  The 
valve  I  leading  to  the  condenser  being  also  closed,  the  steam 
which  fills  the  cylinder  above  the  piston  is  now  admitted  to 
circulate  through  the  open  valve  h  below  the  piston,  so  that 
the  piston  is  pressed  equally  upwards  and  downwards  by 
steam,  and  there  is  no  force  to  resist  its  movement  save  its 
friction  with  the  cylinder.  The  weight  of  the  pump  rods  on 
the  opposite  end  of  the  beam  being  more  than  equivalent 
to  this,  the  piston  is  drawn  to  the  top  of  the  cylinder, 
and  pushes  before  it  the  steam  which  is  drawn  through  the 
tube  T,  and  the  open  valve  H,  and  passes  into  the  cylinder  c 
below  the  piston. 

When  the  piston  has  thus  arrived  once  more  at  the  top  of 
the  cylinder,  the  valve  h  is  closed,  and  at  the  same  time  the 
valves  G  and  i  opened,  and  the  condensing  cock  e  also  opened, 
so  as  to  admit  the  jet  to  play  in  the  condenser.  The  steam 
which  fills  the  cylinder  c  below  the  piston,  will  now  rush 
through  the  open  valve  i  into  the  condenser  which  has  been 
hitherto  a  vacuum,  and  there  encountering  the  jet,  will  be 
instantly  converted  into  water,  and  a  mixture  of  condensed 
steam  and  injected  water  wiU  collect  in  the  bottom  of  the 
condenser.  At  the  same  time,  the  steam  proceeding  from  the 
boiler  by  the  steam  pipe  s  to  the  upper  steam  box  a,  will  pass 
through  the  open  steam  valve  G  to  the  top  of  the  piston,  but 
cannot  pass  below  it  because  of  the  lower  steam  valve  h  being 
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closed.  The  piston  thus  acted  upon  above  by  the  pressure 
of  the  steam,  and  the  space  in  the  cylinder  below  it  being  a 
vacuum,  its  downward  motion  is  resisted  by  no  force  but  the 
friction,  and  it  is  therefore  driven  to  the  bottom  of  the 
cylinder.  During  its  descent  the  valves  G,  i,  and  e  remained 
open.  At  the  moment  it  arrives  at  the  bottom  of  the 
cylinder,  all  these  three  valves  are  closed,  and  the  valve  H 
opened.  The  steam  which  fills  the  cylinder  above  the  piston 
is  now  permitted  to  circulate  below  it  by  the  open  valve  h, 
and  the  piston  being  consequently  pressed  equally  upwards 
and  downwards  will  be  drawn  upwards  as  before  by  the 
preponderance  of  the  pump  rods  at  the  opposite  end  of  the 
beam.  The  weight  of  these  rods  must  be  sufficiently  great 
to'draw  the  air-pump  piston  n  upwards.  As  this  piston  rises 
in  the  air-pump,  it  leaves  a  vacuum  below  it  into  which  the 
water  and  air  collected  in  the  condenser  will  be  drawn 
through  the  valve  m,  which  opens  outwards.  When  the  air- 
pump  piston  has  arrived  at  the  top  of  the  barrel,  which  it 
will  do  at  the  same  time  that  the  steam  piston  arrives  at  the 
top  of  the  cylinder,  the  water  and  the  chief  pai't  of  the  air  or 
other  fluids  which  may  have  been  in  the  condenser  will  be 
drawn  into  the  barrel  of  the  air-pump,  and  the  valve  m  being 
closed  by  its  own  weight,  assisted  by  the  pressure  of  these 
fluids,  they  cannot  return  into  the  condenser.  At  the  moment 
the  steam  piston  arrives  at  the  top  of  the  cylinder,  the  valve 
H  is  closed,  and  the  three  valves  G,  i,  and  e  are  opened.  The 
effect  of  this  change  is  the  same  as  was  already  described  in 
the  former  case,  and  the  piston  will  in  the  same  manner  and 
from  the  same  causes  be  driven  downwards.  The  air-pump 
piston  will  at  the  same  time  descend  by  the  force  of  its  own 
weight,  aided  by  the  weight  of  the  plug  frame  attached  to  its 
rod.  As  it  descends,  tlie  air  below  it  will  be  gradually  com- 
pressed above  the  surface  of  the  water  in  the  bottom  of 
the  barrel,  until  its  pressure  becomes  sufiiciently  great  to 
open  the  valves  in  the  air-pump  piston.  When  this  happens, 
the  valves  in  the  air-pump  piston,  as  represented  on  a  larger 
scale  in^ff.  18.,  will  be  opened,  and  the  air  will  pass  through 
them  above  the  piston.  When  the  piston  comes  in  contact 
with  the  water  in  the  bottom  of  the  barrel,  this  water  will 
likewise  pass  through  the  open  valves.     When  the  piston  has 
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arrived  at  the  bottom  of  the  air-pump  barrel,  the  valves  in  it 
will  be  closed  by  the  pressure  of  the  fluids  above  them.     The 


F^.  18. 


next  ascent  of  the  steam  piston  will  draw  up  the  air-pump 
piston,  and  with  it  the  fluids  in  the  pump  barrel  above  it. 
As  the  air-pump  piston  approaches  the  top  of  its  barrel, 
the  air  and  water  above  it  will  be  drawn  through  the  valve  K 
into  the  hot  cistern  B.  The  air  will  escape  in  bubbles 
through  the  water  in  that  cistern,  and  the  warm  water  will 
be  deposited  in  it. 

The  magnitude  of  the  opening  in  the  condensing  valve  e, 
must  be  regulated  by  the  quantity  of  steam  admitted  to  the 
cylinder.  As  much  water  ought  to  be  supplied  through  the 
injection  valve  as  will  be  sufficient  to  condense  the  steam  con- 
tained in  the  cylinder,  and  also  to  reduce  the  temperature  of 
the  water  itself,  when  mixed  with  the  steam,  to  a  sufficiently 
low  degree  to  prevent  it  from  producing  vapour  of  a  pressure 
which  would  injuriously  affect  the  working  of  the  piston.  It 
has  been  shown,  that  five  and  a  half  cubic  inches  of  ice-cold 
water  mixed  with  one  cubic  inch  of  water  in  the  state  of 
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steam,  would  produce  six  and  a  half  cubic  inches  of  water  at 
the  boiling  temperature.  If  then  the  cylinder  contained  one 
cubic  inch  of  water  in  the  state  of  steam^  and  only  five 
and  a  half  cubic  inches  of  water  were  admitted  through  the 
condensing  jet,  supposing  this  water,  when  admitted,  to  be 
at  the  temperature  of  32°,  then  the  consequence  would  be 
that  six  and  a  half  cubic  inches  of  water  at  the  boiling  tem- 
perature would  be  produced  in  the  condenser.  Steam  would 
immediately  arise  from  this,  and  at  the  same  time  the  tempe- 
rature of  the  remaining  water  would  be  lowered  by  the 
amount  of  the  latent  heat  taken  up  by  the  steam  so  produced. 
This  vapour  would  rise  through  the  open  exhausting  valve  i, 
would  fill  the  cylinder  below  the  piston,  and  would  impair 
the  efficiency  of  the  steam  above  pressing  it  down.  The 
result  of  the  inquiries  of '"Watt  respecting  the  pressure  of 
steam  at  different  temperatures  showed,  that  to  give  effici- 
ency to  the  steam  acting  upon  the  piston  it  would  ahvays  be 
necessary  to  reduce  the  temperature  of  the  water  in  the  con- 
denser to  100°. 

Let  us  then  see  what  quantity  of  water  at  the  common 
temperature  would  be  necessary  to  produce  these  effects. 

If  the  latent  heat  of  steam  be  taken  at  1000°,  a  cubic  inch 
of  water  in  the  state  of  steam  may  be  considered,  for  the  pur- 
poses of  this  computation,  as  equivalent  to  one  cubic  inch  of 
water  at  1212°.  Now  the  question  is,  how  many  cubic  inches 
of  water  at  60°  must  be  mixed  with  this,  in  order  that  the 
mixture  may  have  the  temperature  of  100°  ?  This  will  be 
easily  computed.  As  the  cubic  inch  of  water  at  1212°  is  to 
be  reduced  to  100°,  it  must  be  deprived  of  1112°  of  its  tem- 
perature. On  the  other  hand,  as  many  inches  of  water  at 
60°  as  are  to  be  added,  must  be  raised  in  the  same  mixture 
to  the  temperature  of  100°,  and  therefore  each  of  these  must 
receive  40°  of  temperature.  The  number  of  cubic  inches  of 
water  necessary  to  be  added  will  therefore  be  determined  by 
finding  how  often  40  are  contained  in  1112.  If  1112  be 
divided  by  40,  the  quotient  will  be  2 7 '8.  Hence  it  appears, 
that  to  reduce  the  water  in  the  condenser  to  the  temperature 
of  100°,  supposing  the  temperature  of  the  water  injected  to 
be  60°,  it  will  be  necessary  to  supply  by  the  injection  cock 
very  nearly  twenty-eight   times  as  much  water  as  passes 
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through  the  cylinder  in  the  state  of  steam ;  and  therefore  if 
it  be  supposed  that  all  the  water  evaporated  in  the  boiler 
passes  through  the  cylinder,  it  follows  that  about  twenty- 
eight  times  as  much  water  must  be  thrown  into  the  con- 
denser as  is  evaporated  in  the  boiler. 

(48.)  Cold  water  pump  and  waste  pipe.  —  From  these 
circumstances  it  will  be  evident  that  the  cold  cistern  in 
which  the  condenser  and  air-pump  are  submerged,  must  be 
supplied  with  a  considerable  quantity  of  water.  Independ- 
ently of  the  quantity  drawn  from  it  by  the  injection  valve,  as 
just  explained,  the  water  in  the  cistern  itself  must  be  kept 
down  to  a  temperature  of  about  60°.  The  interior  of  the 
condenser  and  air-pump  being  maintained  by  the  steam  con- 
densed in  them  at  a  temperature  not  less  than  100°,  the  outer 
surfaces  of  these  vessels  consequently  impart  heat  to  the 
water  in  the  cold  cistern,  and  have  therefore  a  tendency  to 
raise  the  temperature  of  that  water.  To  prevent  this,  a  pump 
called  the  cold  pump,  represented  at  l  mjig.  17.,  is  provided. 
By  this  pump,  water  is  raised  from  any  convenient  reservoir, 
and  driven  through  proper  tubes  into  the  cold  cistern. 
This  cold  pump  is  wrought  by  the  engine,  the  rod  being 
attached  to  the  beam.  Water  being,  bulk  for  bulk,  heavier 
the  lower  its  temperature,  it  follows  that  the  water  supplied 
by  the  cold  pump  to  the  cistern  will  have  a  tendency  to  sink 
to  the  bottom,  pressing  upwards  the  warmer  water  contained 
in  it.  A  waste  pipe  is  provided,  by  which  this  water  is 
drained  off,  and  the  cistern  therefore  maintained  at  the  ne- 
cessary temperature 

From  what  has  been  stated  it  is  also  evident,  that  the  hot 
well  B,  into  which  the  warm  water  is  thrown  by  the  air- 
pump,  will  receive  considerably  more  water  than  is  necessary 
to  feed  the  boiler.  A  waste  pipe  to  carry  off  this  is  also 
provided  ;  and  the  quantity  necessary  to  feed  the  boiler  is 
pumped  up  by  a  small  pump  o,  the  rod  of  which  is  attached 
to  the  beam,  as  represented  in  Jig.  17.,  and  which  is  worked 
by  the  engine.  The  water  raised  by  this  pump  is  conducted 
to  a  reservoir  from  which  the  boiler  is  fed,  by  means  which 
will  be  hereafter  explained. 

(49.)  Method  of  tcorking  the  valves.  —  We  shall  now  ex- 
plain the  manner  in  which  the  machine  is  made  to  open  and 
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close  the  valves  at  the  proper  times.  By  referring  to  the 
explanation  already  given,  it  will  be  perceived  that  at  the 
moment  the  piston  reaches  the  top  of  the  cylinder,  the  upper 
steam  valve  G  must  be  open,  to  admit  the  steam  to  press  it 
down,  while  the  exhausting  valve  i  must  be  opened,  to  allow 
the  steam  below  the  piston  to  pass  to  the  condenser  ;  and  the 
condensing  valve  e  must  be  opened,  to  let  in  the  water  neces- 
sary for  the  condensation  of  the  steam  ;  and  at  the  same  time 
the  lower  steam  valve  n  must  be  closed,  to  prevent  the  pas- 
sage of  the  steam  which  has  been  admitted  through  g.  The 
valves  G,  I,  and  E  must  be  kept  open,  and  the  valve  H  kept 
closed,  until  the  piston  arrives  at  the  bottom  of  the  cylinder, 
when  it  will  be  necessary  to  close  all  the  three  valves  G,  i, 
and  E,  and  to  open  the  valve  h,  and  the  same  eifects  must 
be  produced  each  time  the  piston  arrives  at  the  top  and 
bottom  of  the  cylinder.  All  this  is  accomplished  by  a 
system  of  levers,  which  are  exhibited  in  Jig.  17.  The  pivots 
on  which  these  levers  play  are  represented  on  the  framing 
of  the  engine,  and  the  arms  of  the  levers  g',  h',  and  i',  com- 
municating with  the  corresponding  valves  G,  H,  and  i,  are 
represented  opposite  a  bar  attached  to  the  rod  of  the  air- 
pump,  called  the  plug  frame.  This  bar  carries  certain  pegs 
and  detents,  which  act  upon  the  arras  of  the  several  levers 
in  such  a  manner  that,  on  the  arrival  of  the  beam  at  the  ex- 
tremities of  its  play  upwards  and  downwards,  the  levers  are 
so  struck  that  the  valves  are  opened  and  closed  at  the  proper 
times.  It  is  needless  to  explain  all  the  details  of  this  ar- 
rangement. Let  it  be  sufficient,  as  an  example  of  all,  to 
explain  the  method  of  working  the  upper  steam  valve  G. 
When  the  piston  reaches  the  top  of  the  cylinder,  a  pin  strikes 
the  arm  of  the  lever  g',  and  throws  it  upwards :  this,  by 
means  of  the  system  of  levers,  pulls  the  arm  of  the  valve  G 
downwards,  by  which  the  upper  steam  valve  is  I'aised  out  of 
its  seat,  and  a  passage  is  opened  from  the  steam  pipe  to  the 
cylinder.  The  valve  is  maintained  in  this  state  until  the 
piston  reaches  the  bottom  of  the  cylinder,  when  the  arm  g' 
is  pressed  downwards,  by  which  the  arm  g  is  pressed  up- 
wards, and  the  valve  restored  to  its  seat.  By  similar  methods 
the  levers  governing  the  other  three  valves,  h,  i,  and  e,  are 
worked. 
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The  valves  used  in  these  engines  were  of  the  kind  called 
spindle  valves.  They  consisted  of  a  flat  cir- 
cular plate  of  bell  metal,  a  b,  ^g.  19.,  with  a 
round  spindle  passing  perpendicularly  through 
its  centre,  and  projecting  above  and  below  it. 
This  valve,  having  a  conical  form,  was  fitted 
very  exactly,  by  grinding  into  a  corresponding 
circular  conical  seat,  A  b  c  d,  ^g.  20.,  which 
forms  the  passage  which  it  is  the  office  of  the 
valve  to  open  and  close.  "When  the  valve  falls 
into  its  seat,  it  fits  the  aperture  like  a  plug,  so 
as  entirely  to  stop  it.  The  spindle  plays  in  sockets  or 
holes,  one  above  and  the  other  below  the  aperture  which  the 

valve  stops ;  these  holes 
JB  tfft     •  m     jjeep    i\^Q    valve    in   its 

•_!     '  hi  proper  position,  so  as  to 

— ^  f^  -H  L    cause  it  to  drop  exactly 

into  its  place. 

In  the  experimental 
engine  made  by  Mr. 
Watt  at  Kinneal,  he  used 
cocks,  and  sometimes  slid- 
ing covers,  like  the  regu- 
lator described  in  the  old 
engines  ;  but  these  he 
found  very  soon  to  become  leaky.  He  was,  therefore, 
obliged  to  change  them  for  the  spindle  valves  just  described, 
which,  being  truly  ground,  and  accurately  fitted  in  the  first 
instance,  were  not  so  liable  to  go  out  of  order.  These  valves 
are  also  called  puppet  clacks,  or  button  valves. 

In  the  earlier  engines  constructed  by  Watt,  the  con- 
densation was  produced  by  the  contact  of  cold  surfaces, 
without  injection.  The  reason  of  rejecting  the  method  of 
condensing  by  injection  was,  doubtless,  to  avoid  the  injurious 
effects  of  the  air,  which  would  always  enter  the  condenser,  in 
combination  with  the  water  of  condensation,  and  vitiate  the 
vacuum.  It  was  soon  found,  however,  that  a  condenser 
acting  by  cold  surfaces  without  injection,  being  necessarily 
composed  of  narrow  pipes  or  passages,  was  liable  to  incrust- 
ation from  bad  water,  by  which  the  conducting  power  of  the 
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material  of  the  condenser  was  diminished ;  so  that,  while  its 
outer  surface  was  kept  cold  by  the  water  of  the  cold  cistern, 
the  inner  surface  might,  nevertheless,  be  so  warm  that  a  very 
imperfect  condensation  would  be  produced. 

Independently  of  this,  however,  surface  condensation  as  it 
has  been  called,  in  contradistinction  to  condensation  by  in- 
jection, has  always  been  found  inefficient,  the  vacuum  not 
being  produced  with  sufficient  promptitude,  so  that  the  piston 
continues  to  be  resisted  by  the  uncondensed  steam  during  a 
part  of  the  stroke. 

(50.)  Construction  of  piston — The  necessity  of  construct- 
ing the  piston  and  cylinder  with  greater  precision  than  had 
been  usual  in  the  old  engines  was  a  consequence  of  these 
improvements.  To  fit  the  cover  to  the  cylinder  so  as  to 
be  steam-tight ;  to  construct  the  piston  rod  so  as  to  move 
through  it  without  allowing  the  escape  of  steam,  and  yet  at 
the  same  time  without  injurious  friction  ;  to  connect  the 
piston  rod  with  the  piston,  so  as  to  drive  the  latter  through 
the  cylinder  with  a  perfectly  straight  and  parallel  motion  ;  to 
make  such  connection  perfectly  centrical  and  firm,  and 
yet  to  allow  the  piston  in  its  ascent  to  come  nearly  into 

contact  with  the  cover  of  the 
cylinder  —  were  all  difficulties 
peculiar  to  the  new  engine.  In 
the  atmospheric  engine  the  shank 
of  the  piston  rod  was  rough  and 
square,  and  the  rod  was  secured 
to  the  piston  by  branches  or 
stays,  as  represented  in  fig.  21. 
It  is  evident  that  such  a  con- 
struction would  be  inadmissible 
in  an  engine  in  which  the  piston 
in  its  ascent  must  be  brought 
nearly  into  contact  with  the  close 
cover  of  the  cylinder.  Besides 
this  the  piston  rod  of  an  atmo- 
spheric engine  might  through- 
out its  whole  length  have  any 
form  which  was  most  convenient. 


t,     I 

and  required  no  other  property  than  the  strength  necessary    J 
to  work  the  beam.     In  the  new  engine,  on  the  contrary,  it 


Fig.  21. 
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was  necessary  that  it  should  be  accurately  turned  and  finely 

polished,  so  as  to  pass  through  the  hole  in  the  top  of  the 

cylinder,  and  be  maintained   in  it  steam-tight.     This  was 

c     oo  effected    by   a    contrivance 

riff.  22.        ,  V^         r 

called  a  stuffing  box  B,  re- 
presented in  Jig.  22.  A  hole 
is  made  in  the  cover  of  the 
cylinder  very  little  greater 
in  magnitude  than  the  dia- 
meter of  the  piston  rod. 
Above  this  hole  is  a  cup  in 
which,  around  the  piston,  is 
placed  a  stuffing  of  hemp 
or  tow,  which  is  saturated 
with  oil  or  melted  tallow.  This  collar  of  hemp  is  pressed 
down  by  another  piece,  also  perforated  with  a  hole  through 
which  the  piston  rod  plays,  and  which  is  screwed  down  on 
the  said  collar  of  hemp. 

Although  the  imperfect  manner  in  which  the  interior 
of  the  cylinders  was  then  formed  impaired  the  efficiency  of 
the  new  engines,  yet  such  imperfections  were  not  so  injurious 
as  in  the  old  atmospheric  engines.  Any  imperfection  of 
form  of  the  inner  surface  of  the  cylinder  would  necessarily 
cause  more  or  less  steam  or  air  to  escape  between  the  piston 
and  cylinder.  In  the  improved  engine  this  steam  passing 
into  the  vacuum  below  the  piston  would  rush  into  the  con- 
denser, and  be  there  condensed,  so  that  its  effect  in  resisting 
the  motion  of  the  piston  would  necessarily  be  trifling.  But, 
on  the  other  hand,  any  escape  of  air  between  the  piston  and 
cylinder  of  an  atmospheric  engine  would  introduce  an  elastic 
fluid  under  the  piston,  which  would  injuriously  affect  the 
action  of  the  machine. 

}  To  make  the  pistons  move  sufficiently  steam-tight  in  these 
early  imperfect  cylinders,  Watt  contrived  a  packing  formed 
of  a  collar  of  hemp,  or  tow,  as  represented  in  Jig.  23.  The 
bottom  of  the  piston  was  formed  of  a  circular  plate  of  a 
diameter  nearly,  but  not  altogether,  equal  to  the  interior  dia- 
meter of  the  cylinder.  The  part  of  the  piston  above  this  was 
considerably  less  in  diameter,  so  that  the  piston  was  sur- 
rounded by  a  circular  groove  or  channel  two  inches  wide, 
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into  which  hemp  or  soft  rope,  called  gasket,  was  run,  so  as 
to  form  the  packing.     The  top  of  the  piston  was  placed  over 
Fiff.23.  this,   having  a  rim 

or  projecting  part, 
which  entered  the 
circular  groove  and 
pressed  upon  the 
packing,  the  cover 
being  pressed  down- 
wai'ds  by  screws 
passing  through 
the  piston.  The  lower  part  of  the  groove  round  the  piston 
was  I'ounded  with  a  curve,  so  that  the  pressure  on  the 
packing  might  foi'ce  the  latter  against  the  inner  surface  of 
the  cylinder.  This  packing  was  kept  supplied  with  melted 
tallow,  as  already  described,  from  tlie  funnel,  screwed  into  the 
top  of  the  cylinder.  The  metallic  edges  of  the  piston  were 
by  this  means  prevented  from  coming  into  contact  with 
the  surface  of  the  cylinder,  which  was  only  pressed  upon  by 
the  stuffing  or  packing  projecting  beyond  these. 

Improved  methods  of  boring  soon,  however,  relieved 
the  engine  from  a  part  of  these  imperfections. 

(51.)  Construction  of  cyliiider  and  piston  rod.  —  When 
the  inner  surface  of  the  cylinder  is  perfectly  true  and  smooth, 
the  packing  of  the  piston  is  soon  rendered  solid  and  hard, 
being  moulded  to  the  cylinder  by  working,  so  as  to  fit  it 
exactly.  When  by  wear  it  became  loose,  it  was  only  neces- 
sary to  tighten  the  screws  by  which  the  top  and  bottom  of 
the  piston  were  held  together.  The  packing  being  com- 
pressed by  those  means,  was  forced  outwards  towards  the 
surface  of  the  cylinder  so  as  to  be  rendered  steam-tight. 

(52.)  Great  economy  of  these  engines.  —  It  was  not  until 
about  the  year  1778,  nine  years  after  the  date  of  the 
patent,  and  thirteen  after  the  invention  of  separate  conden- 
sation, that  any  impression  was  produced  on  the  mining 
interests  by  the  advantages  which  were  presented  to  them  by 
these  vast  improvements.  This  long  interval,  however,  had 
not  elapsed  without  considerable  advantage  ;  for  although  all 
the  great  leading  principles  of  the  contrivance  were  invented 
so  early  as  the  year  1765,  yet  the  details  of  construction  had 
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been  in  a  state  of  progressive  and  continned  improvement 
from  the  time  Watt  joined  Dr.  Roebuck,  in  1769,  to  the 
period  now  adverted  to. 

The  advantages  which  the  engine  offered  in  the  form  in 
which  it  has  been  jast  described,  were  numerous  and  im- 
portant, as  compared  even  with  the  most  improved  form  of 
the  atmospheric  engine  ;  and  it  should  be  remembered,  that 
that  machine  had  also  gone  on  progressively  improving, 
and  was  probably  indebted  for  some  of  its  ameliorations  to 
hints  derived  from  the  labours  of  Watt,  and  to  the  adoption 
of  such  of  his  expedients  as  were  applicable  to  that  imperfect 
machine,  and  could  be  adopted  without  an  infraction  of  his 
patent. 

In  the  most  improved  forms  to  which  the  atmospheric 
engine  had  then  attained,  the  quantity  of  steam  wasted  at 
each  stroke  of  the  piston  was  equal  to  the  contents  of  the 
cylinder.  Such  engines,  therefore,  consumed  twice  the  fuel 
which  would  be  requisite,  if  all  sources  of  waste  could  have 
been  removed.  In  Watt's  engines,  the  steam  consumed  at 
each  stroke  of  the  piston  amounted  only  to  l^  times  the  con- 
tents of  the  cylinder.  The  waste  steam,  therefore,  per 
stroke,  was  only  a  quarter  of  what  was  usefully  employed. 
The  absolute  waste,  therefore,  of  the  best  atmospheric 
engines  was  four  times  that  of  the  improved  engine,  and 
consequently  the  saving  of  fuel  in  the  improved  engines 
amounted  to  about  three  eighths  of  all  the  fuel  consumed  in 
atmospheric  engines  of  the  same  power. 

But  independently  of  this  saving  of  steam,  the  power  of 
Watt's  engine,  as  compared  with  the  atmospheric  engine,  was 
so  much  augmented  that  the  former  would  work  against  a 
resistance  of  ten  pounds  j)n  the  square  inch  under  the  same 
circumstances  in  which  the  latter  would  not  move  against 
more  than  seven  pounds.  The  cause  of  this  augmentation  of 
power  is  easily  explained.  In  the  atmospheric  engine  the  tem- 
perature of  the  condensed  steam  could  not  be  reduced  below 
152°  without  incurring  a  greater  loss  than  would  be  com- 
pensated by  the  advantage  to  be  obtained  from  any  higher 
degree  of  condensation.  Now  steam  raised  from  water  at 
152°  has  a  pressure  of  nearly  four  pounds  per  square  inch. 
This  pressure,  therefore,  acted  below  the  piston  resisting  the 
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atmospheric  pressure  above.  In  "VYatt's  engine,  however, 
the  condenser  was  Ivcpt  at  a  temperature  of  about  100%  at 
vv^hich  temperature  steam  has  a  pressure  of  less  than  one 
pound  per  square  inch.  A  resisting  force  upon  the  piston  of 
three  pounds  per  square  inch  was  therefore  saved  in  Watt's 
engine  as  compared  with  the  atmospheric  engine. 

Besides  these  direct  sources  of  economy,  there  were  other 
advantages  incidental  to  Watt's  engine.  An  atmospheric 
engine  possessed  very  limited  power  of  adaptation  to  a  vary- 
ing load.  The  moving  power  being  the  atmospheric  pressure, 
was  not  under  control,  and,  on  the  other  hand,  was  subject 
to  variations  from  day  to  day,  and  from  hour  to  hour,  accord- 
ing to  the  changes  of  the  barometer.  In  the  first  con- 
struction of  such  an  engine,  therefore,  its  power  being 
necessarily  adapted  to  the  greatest  load  which  it  would  have 
to  move,  whenever  the  load  upon  its  pumps  was  diminished, 
the  motion  of  the  piston  in  descending  would  be  rapidly 
accelerated  in  consequence  of  the  moving  power  exceeding 
the  resistance.  By  this  the  machinery  would  be  subject 
to  sudden  shocks,  productive  of  rapid  wear  and  danger  of 
fracture.  To  remedy  this  inconvenience,  the  following  expe- 
dient was  provided  in  the  atmospheric  engine  :  whenever  the 
load  on  the  engine  was  materially  diminished,  the  quantity 
of  water  admitted  through  the  injection  valve  to  condense 
the  steam  was  proportionally  diminished.  An  imperfect 
condensation  being  therefore  produced,  vapour  remained  in 
the  cylinder  under  the  piston,  the  pressure  of  which  resisted 
the  atmosphere,  and  mitigated  the  force  of  the  machine. 
Besides  this,  a  cock  was  provided  in  the  bottom  of  the 
cylinder,  called  an  air  cock,  by  which  atmospheric  air  could 
be  admitted  to  resist  the  piston  whenever  the  motion  was  too 
rapid. 

These  expedients,  however,  were  all  attended  with  a  waste 
of  fuel  in  relation  to  the  work  done  by  the  engine  ;  for  it  is 
evident  that  the  consumption  of  steam  was  necessarily  the 
same,  whether  the  engine  was  working  against  its  fuU  load, 
or  against  a  reduced  resistance. 

(53.)  Throttle  valve. — On  the  other  hand,  in  the  im- 
proved engine  of  Watt,  when  the  load  was  diminished,  a 
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cock  or  valve  was  provided  in  the  steam  pipe  leading  from 
the  boiler,  which  was  called  a  throttle  rahe,  by  adjusting 
which  the  passage  in  that  pipe  could  be  more  or  less  con- 
tracted. By  regulating  this  cock  the  supply  of  steam 
from  the  boiler  was  checked,  and  the  quantity  transmitted  to 
the  cylinder  diminished,  so  that  its  effect  upon  the  piston 
"Mght  be  rendered  equal  to  the  amount  of  the  diminished 

-istance.  By  this  means  the  quantity  of  steam  transmitted 
to  the  cylinder  was  rendered  exactly  proportional  to  the 
work  which  the  engine  had  to  j)erform.  If,  under  such 
circumstances,  the  boiler  was  worked  to  its  full  power,  so  as 
to  produce  steam  as  fast  as  it  would  when  the  engine  was 
working  at  fuU  power,  then  no  saving  of  fuel  would  be 
effected,  since  the  surplus  steam  produced  in  the  boiler 
would  necessarily  escape  at  the  safety  valve.  But  in  such 
case  the  fireman  was  directed  to  limit  the  fuel  of  the  furnace 
until  the  discharge  at  the  safety  valve  ceased. 

By  these  expedients,  the  actual  consumption  of  fuel  in  one 
of  these  improved  engines  was  always  in  the  exact  proportion 
of  the  work  which  it  performed,  whether  it  worked  at  fuU 
power,  or  at  any  degree  under  its  regular  power. 

(54.)  Difficulty  of  getting  the  improved  engines  into  use. — 
Notwithstanding  these  and  other  advantages  attending  the 
new  engines,  Boultou  and  Watt  experienced  difBculties  all 
but  insurmountable  in  getting  them  into  use.  No  manu- 
factory existed  in  the  country  possessing  machinery  capable 
of  executing  with  the  necessary  precision  the  valves  and  other 
parts  which  required  exact  execution,  and  the  patentees  were 
compelled  to  construct  machinery  at  Soho  for  this  purpose  ; 
and  even  after  they  succeeded  in  getting  the  cylinders  pro- 
perly bored,  the  piston  rods  exactly  turned  and  polished,  the 
spindle  valves  constructed  so  as  to  be  steam-tight,  and  every 
other  arrangement  completed  which  was  necessary  for  the 
efficiency  of  the  machine,  tlie  novelty  of  the  engine,  and  the 
difficulty  which  was  supposed  to  attend  its  maintenance 
in  good  working  order,  formed  strong  objections  to  its 
adoption. 

To  remove  such  objections,  great  sacrifices  were  necessary 
on  the  part  of  Boultou  and  Watt ;  and  they  accordingly  re- 
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solved  to  undertake  the  construction  of  the  new  engines 
without  any  direct  profit,  giving  them  to  the  parties  requir- 
ing their  use  at  first  cost,  on  the  condition  of  being  remu- 
nerated by  a  small  share  of  what  they  would  save  in  fuel. 


CHAPTER  IV. 

INVENTION   OF    THE   EXPANSIVE   ENGINE. 

(55.)  First  application  of  expansion.  —  At  the  time  that 
Watt,  in  conjunction  with  Dr.  Roebuck,  obtained  the  patent 
for  his  impi'oved  engine,  the  idea  occurred  to  him,  that  the 
steam  which  had  impelled  the  piston  in  its  descent  rushed 
from  the  cylinder  with  a  mechanical  force  much  more  than 
sufiicient  to  overcome  any  resistance  which  it  had  to  en- 
counter in  its  passage  to  the  condenser  ;  and  that  such  force 
might  be  rendered  available  as  a  moving  power,  in  addition 
to  that  already  obtained  from  the  steam  during  the  stroke  of 
the  piston.  This  notion  involved  the  whole  principle  of  the 
expansive  action  of  the  steam,  which  subsequently  proved  to 
be  of  such  importance  in  the  performance  of  steam  engines. 
Watt  was,  however,  so  much  engrossed  at  that  time,  and, 
subsequently,  by  the  difiiculties  he  had  to  encounter  in  the 
construction  of  his  engines,  that  he  did  not  attempt  to  bring 
this  principle  into  operation.  It  was  not  until  after  he  had 
organised  that  part  of  the  establishment  at  Soho  which  was 
appropriated  to  the  manufacture  of  steam  engines,  that  he 
proceeded  to  apply  the  expansive  principle. 

In  1776  the  engine,  which  had  been  then  recently  erected 
at  Soho,  was  adapted  to  act  upon  the  principle  of  expansion. 
When  the  piston  had  been  pressed  down  in  the  cylinder  for 
a  certain  portion  of  the  stroke,  the  further  supply  of  steam 
from  the  boiler  was  cut  off,  by  closing  the  upper  steam 
valve,  and  the  remainder  of  the  stroke  was  accomplished  by 
the  expansive  power  of  the  steam  which  had  already  been 
introduced  into  the  cylinder. 


IXVEXTIOX  OF  THE  EXPAXSIVE  ENGINE.      97 

^Si^'}  f""">^*  0/ expansion  explained. -To  make  this 

method  of  applying  the  force  of  stetuu  intelligible,  some  pre- 

.ous  exp  anation  of  mechanical  principles  will  be  necessary. 

If  a  body  which  offers  a  certain  resistance  be  ur<xed  by  a 

certain  mov.ng  force,  the  motion  which  it  will  recdve  .^11 

depend  on  the  relation  between  the  energy  of  the  moving 

force  and  the  amount  of  the  resistance  opposed  to  it      If  the 

2Jlh"t}tTJ"  ^m'"'''^  '^"'^  *"  '^''  ^^«'^^^°^^'  *he  motion 
vvhich  the  body  will  receive  will  be  perfectly  uniform. 

It  the  energy  of  the  moving  force  be  greater  than  the 
resxs  ance,  tli«n  its  surplus  or  excess  aboJe  the  amount  of 
re.  stance  will  be  expended  in  imparting  momentum  to  the 
mass  of  he  body  moved,  and  the  latter  will,  consequently 
continualy  acquire  augmented  speed.  The  motio^  of  the 
body  will,  therefore,  be  in  this  case  accelerated 

It  the  energy  of  the  moving  force  be  less  in  amount  than 
the  resistance,  then  all  that  portion  of  the  resistance  which 
exceeds  the  amount  of  the  moving  force  will  be  expended t 
depriving  the  mass  of  the  body  of  momentum,  and'the  bo<^; 

::::in:^:t:o::,z':^r''  --'''-'''  ^^-^-•^'^edspee^ 

Whenever,  therefore,  a  uniform  motion  is  produced  in  a 
body,  u  may  be  taken  as  an  indication  of  the  equalit^  of  the 
moving  force  to  the  resistance ;  and,  on  the  other  hL  ac' 
cording  as  the  speed  of  the  body  is  augmented  or  diminish  d 
^may  be  inferred  that  the  energy  of  the  movin^  force  h^ 
been  greater  or  less  than  the  resistance 

It  is  an  error  to  suppose  that  rest  is  the  only  condition 
possible  for  a  body  to  assume  when  under  the  operation  of 

heM"?  '^^''''T'  '^""  ^^^^^'^  ^-  -  equililiuTBy 
the  law.  of  motion  the  state  of  a  body  which  is  not  under 

the  operation  of  any  external  force  must  be  either  a  state 

of  rest  or  of  uniform  motion.     Whichever  be  its  state  it 

wil  suffer   no   change   if  the   body  be  brought  under  ;he 

operation  of  two  or  more  forces  which  are  in  equilibrium 

for  to  suppose  such  forces   to  produce  any  change   in  the' 

state  of  the  body,  whether  from  rest  to  motion,  or  lleJs^ 

orm  the  velocity  of  the  motion  which   the  body  may  have 

previously  had,  would  be  equivalent  to  a  supp  siZ  tha 
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the  forces  applied  to  the  body  being  in  equilibrium  were 
capable  of  producing  a  dynamical  effect,  which  would  be  a 
contradiction  in  terms.  This,  though  not  always  cleai'ly 
understood  by  mere  practical  men,  or  by  persons  superficially 
informed,  is,  in  fact,  among  the  fundamental  principles  of 
mechanical  science.* 

When  the  piston  is  at  the  top  of  the  cylinder,  and  about 
to  commence  its  motion  dow^nwards,  the  steam  acting  upon  it 
will  have  not  only  to  overcome  the  resistance  arising  from 
the  friction  of  the  various  parts  of  the  engine,  but  will  also 
have  to  put  in  motion  the  whole  mass  of  matter  of  the  piston 
pump  rods,  pump  pistons,  and  the  column  of  water  in  the 
pump  barrels.  Besides  imparting  to  this  mass  the  momentum 
corresponding  to  the  velocity  with  which  it  will  be  moved,  it 
will  also  have  to  encounter  the  resistance  due  to  the  prepon- 
derance of  the  weight  of  the  water  and  pump  rods  over  that 
of  the  steam  piston.  The  pressure  of  steam,  therefore,  upon 
the  piston  at  the  commencement  of  the  stroke  must,  in  ac- 
cordance with  the  mechanical  principles  just  explained,  have 
a  greater  force  than  is  equal  to  all  the  resistances  which  it 
would  have  to  overcome,  supposing  the  mass  to  be  moving 
at  a  uniform  velocity.  The  moving  force,  therefore,  being 
greater  than  the  resistance,  the  mass,  when  put  in  motion, 
will  necessarily  move  with  a  gradually  augmented  speed,  and 
the  piston  of  the  engine  which  has  been  described  in  the  last 
chapter  would  necessarily  move  from  the  top  to  the  bottom 
of  the  cylinder  with  an  accelerated  motion,  having  at  the 
moment  of  its  arrival  at  the  bottom  a  greater  velocity  than  at 
any  other  part  of  the  stroke.  As  the  piston  and  all  the 
matter  which  it  has  put  in  motion  must  at  this  point  come  to 
rest,  the  momentum  of  the  moving  mass  must  necessarily 
expend  itself  on  some  part  of  the  machinery,  and  would  be 
so  much  mechanical  force  lost.  It  is  evident,  therefore,  in- 
dependently of  any  consideration  of  the  expansive  principle, 
to  which  we  shall  presently  refer,  that  the  action  of  the 
moving  power  in  the  descent  of  the  piston  ought  to  be  sus- 
pended before  the  arrival  of  the  piston  at  the  bottom  of  the 

*  Handhook  of  Natural  Philosophy  and  Astronomy,  First  Course, 
p.  186,  et  seq. 
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cylinder  in  order  to  allow  the  momentum  of  the  mass  which 
H  in  motion  to  expend  itself,  and  to  alio,  the  plZ  to  come 
gradually  to  rest  at  the  ternnnation  of  the  stroke 

.J  a}  u  ^^""^  **"  '"PP^^  *'^*t  after  the  piston  had  de- 
scended through  three-fourths  of  the  whole  length  of  fhe 

above  and  i,^  condensed,  so  as  to  leave  a  vacuum  both 
above  and  below  ,t,  the  piston,  being  then  subject  to  no 
jmpelhng  force,  would  still   move  downwards,  in  "rtue  of 

trivTiroVTh  r  '^'  -^-«<^' -til  the  resistance  would 
deprive  ,t  of  that  momentum,  and  bring  it  to  rest ;  and  if  the 
remaining  fourth  part  of  the  cylinder  were  necessaryfor  L 
accomplishment  of  this,  then  it  is  evident  that  tha^art  of 
the  stroke  would  be  accomplished  without  further  ex^. 

ire  of  the  moving  power.  e^penoi- 

nl^f'  *^';  ^"■'  °^  '^"  '''''^^  ^«"l<i  be  made  by  the 

.penditure  of  that  excess  of  moving  power,  which   at  the 

co™„,encement  of  the  stroke,  had  been  Vmployed  in  putt  n' 

the  machinery  and  its  load  in  motion,  and  i/subsequlnt"? 

accelerating  that  motion.  ^^scqueniiy 

Although  under  such  circumstances  the  resistance,  durin- 
the  operation  of  the  moving  power,  shall  not  have  beeT  a^ 
any  time  equal  to  rhe  moving  power,  since  while  the  m^ion 
was  accelerated  it  was  less,  and  while  retarded  greateTthan 
^at  power,  yet  as  the  whole  moving  power  ha^s  blen  ex- 
pended upon  the  resistance,  the  mechanical  effect  which 
has  produced  under  such  circumstances  will  be  equll  to 
the  actual  amount  of  that  power.     If,  i„  an  en.nne  of  th  s 

tbos^:{;^.^r-^-^^ 

tttnd^fteltrr  ^  '^''—^  —  ^^  -i-  at 

Independently,  therefore,  of  any  consideration  of  the  ex- 

pansive  principle,  it  appears  that,  in  an  engine  of  this  kinl 

tl.  steam  ought  to  be  cut  off  before  the  completion  of  tt 

(57.)    Calctdation  of  the  mechanical  effect  of  exnandinn 

tT:77;Xr  ''-  ^^^^-^^^^  -'-^^  of  steam  l^SngflT 
1  t  AB  {J,ff.24.)  represent  a  cylinder  whose  area  wewiU 
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Fig.  24. 
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suppose,  for  the  sake  of  illustration,  to  be  a  square  foot,  and 
whose  length,  A  b,  shall  also  be  a  foot.  If  steam  of  a  pres- 
sure equal  to  the  atmosphere  be  supplied 
to  this  cylinder,  it  will  exert  a  pressure 
of  about  one  ton  on  the  piston  ;  and  if 
such  steam  be  uniformly  supplied  from 
the  boiler,  the  piston  will  be  moved 
from  A  to  B  with  the  force  of  one  ton, 
and  that  motion  will  be  uniform  if  the 
piston  be  opposed  throughout  the  same 
space  by  a  resistance  equal  to  a  ton. 
AVhen  the  piston  has  arrived  at  b,  let 
us  suppose  that  the  further  supply  of 
steam  from  the  boiler  is  stopped  by 
closing  the  upper  steam  valve,  and  let 
us  also  suppose  the  cylinder  to  be  con- 
tinued downwards,  so  that  b  c  shall  be 
equal  to  A  b,  and  suppose  that  b  c  has 
been  previously  in  communication  with 
the  condenser,  and  is  therefore  a  vacuum.  The  piston  at  b 
will  then  be  urged  with  a  force  of  one  ton  downwards,  and, 
as  it  descends,  the  steam  above  it  will  be  diffused  through  an 
increased  volume,  and  will  consequently  acquire  a  diminished 
pressure.  We  shall,  for  the  present,  assume  that  this  dimi- 
nution of  pressure  follows  the  law  of  elastic  fluids  in  general ; 
and  that  it  will  be  decreased  in  the  same  proportion  as  the 
volume  of  the  steam  is  augmented.  While  the  piston,  there- 
fore, moves  from  b  downwards,  it  will  be  urged  by  a  con- 
tinually decreasing  force.  Let  us  suppose,  that  by  some 
expedient  it  is  also  subject  to  a  continually  decreasing 
resistance,  and  that  this  resistance  decreases  in  the  same 
proportion  as  the  force  which  urges  the  piston.  In  that 
case  the  motion  of  the  piston  would  continue  uniform.  When 
the  piston  would  arrive  at  p',  the  middle  of  the  second  cy- 
linder, then  the  space  occupied  by  the  steam  being  increased 
in  the  proportion  of  2  to  3,  the  pressure  on  the  piston  would 
be  diminished  in  the  proportion  of  3  to  2,  and  the  pressure 
at  B  being  one  ton,  it  would  be  two-thirds  of  a  ton  at  p'.  In 
like  manner,  when  the  piston  Avould  arrive  at  c,  the  space  oc- 
cupied by  the  steam  being  double  that  which  it  occupied  when 
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the  piston  was  at  b,  the  pressure  of  the  steam  would  be  half  its 
pressure  at  B,  and  therefore,  at  the  termination  of  the  stroke, 
the  pressure  on  the  piston  would  be  half  a  ton. 

If  the  space  from  b  to  c,  through  which  the  steam  is  here 
supposed  to  act  expansively,  be  divided  into  ten  equal  parts, 
the  pressure  on  the  piston  at  the  moment  of  passing  each  of 
those  divisions  would  be  calculated  upon  the  same  principle 
as  in  the  cases  now  mentioned.  After  moving  through  the 
first  division,  the  volume  of  the  steam  would  be  increased  in 
the  proportion  of  10  to  1 1,  and  therefore  its  pressure  would 
be  diminished  in  the  proportion  of  11  to  10.  The  pressure, 
therefore,  driving  the  piston  at  the  end  of  the  first  of  these 
ten  divisions  would  be  -{-xths  of  a  ton.  In  like  manner,  its 
pressure  at  the  second  of  the  divisions  would  be  -J-jths  of  a 
ton,  and  the  third  -{-jths  of  a  ton  ;  and  so  on,  as  indicated  in 
the  figure. 

Now  if  the  pressure  of  the  steam  through  each  of  these 
divisions  were  to  continue  uniform,  and,  instead  of  gradually 
diminishing,  to  suffer  a  sudden  change  in  passing  from  one 
division  to  another,  then  the  mechanical  effect  produced  from 
B  to  c  would  be  obtained  by  taking  a  mean  or  average  of  the 
several  pressures  throughout  each  of  the  ten  divisions.  In 
the  present  case  it  has  been  supposed  that  the  force  on  the 
piston  at  b  was  22-10  pounds.  To  obtain  the  pressure  in 
pounds  corresponding  to  each  of  the  successive  divisions,  it 
will  therefore  only  be  necessary  to  multiply  2240  by  10,  and 
to  divide  it  successively  by  11,  12,  13,  &c  The  pressures, 
therefore,  in  pounds,  at  each  of  the  10  divisions,  will  be  as 
follows :  — 

1st  -  -  -  -  .         20363 

2nd  -  .  -  -  .  1866-6 

3rd  .....  1723-1 

4th  -  ...  -  1600-0 

5th  -  ...  -  1493-3 

6th  -  -  -  ^  -  1400-0 

7th  -  .  -  -  .  1317-6 

8th  ....  .  1244-4 

9th  ....  .  1179-0 

10th  .....  1120-O 

If  the  mean  of  these  be  taken  by  adding  them  together 
and  dividing  by  10,  it  will  be  found  to  be  1498  pounds.     It 
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appears,  therefore,  that  the  pressures  through  each  of  the  ten 
divisions  being  supposed  to  be  uniform  (which  however, 
strictly,  they  are  not),  the  mechanical  effect  of  the  steam 
from  B  to  c  would  be  the  same  as  if  it  acted  uniformly 
througliout  that  space  upon  the  piston  with  a  force  of  about 
1500  pounds,  being  rather  less  than  three-fourths  of  its 
whole  effect  from  A  to  b. 

But  it  is  evident  that  this  principle  will  be  equally  appli- 
cable if  the  second  cylinder  had  any  other  proportion  to  the 
first.  Thus  it  might  be  twice  the  length  of  the  first ;  and,  in 
that  case,  a  further  mechanical  effect  would  be  obtained  from 
the  expansion  of  the  steam. 

The  more  accurate  method  of  calculating  the  effect  of  the 
expansion  from  b  to  c  would  involve  more  advanced  mathe- 
matical principles  than  could  properly  be  introduced  here  ; 
but  the  result  of  such  a  computation  would  be,  tliat  the  actual 
average  effect  of  the  steam  from  b  to  c  would  be  equal  to  a 
uniform  pressure  throHgli  that  space,  amounting  to  1545 
pounds,  being  greater  than  the  result  of  the  above  computa- 
tion, the  difference  being  due  to  the  expansive  action  through 
each  of  the  ten  divisions,  which  was  omitted  in  the  above 
computation. 

(58.)  Methods  of  equalising  the  varying  pressure.  —  It  is 
evident  that  the  expansive  principle,  as  here  explained,  in- 
volves the  condition  of  a  variation  in  the  intensity  of  the 
moving  power.  Thus,  if  the  steam  act  with  a  uniform 
energy  on  the  piston  so  long  as  its  supply  from  the  boiler 
continues,  the  moment  that  supply  is  stopped,  by  closing  the 
steam  valve,  the  steam  contained  in  the  cylinder  will  fill  a 
gradually  increasing  volume  by  the  motion  of  the  piston,  and 
therefore  will  act  above  the  piston  with  a  gradually  decreas- 
ing energy.  If  the  resistance  to  the  moving  power  produced 
by  the  load,  friction,  &c.  be  not  subject  to  a  variation  cor- 
responding precisely  to  such  variation  in  the  moving  power, 
then  the  consequence  must  be  that  the  motion  imparted  to 
the  load  will  cease  to  be  uniform.  If  the  energy  of  the 
moving  power  at  any  part  of  the  stroke  be  greater  than  the 
resistance,  the  motion  produced  will  be  accelerated  ;  if  it  be 
less,  the  motion  will  be  retax-ded  ;  and  if  it  be  at  one  time 
greater,  and  another  time  less,  as  will  probably  happen,  then 
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the  motion  will  be  alternately  accelerated  and  retarded.  This 
variation  in  the  speed  of  the  body  moved  will  not,  however, 
atfect  the  mechanical  etfect  produced  by  the  power,  provided 
tliat  the  momentum  imparted  to  the  moving  mass  be  allowed 
to  expend  itself  at  the  end  of  the  stroke,  so  that  the  piston 
may  be  brought  to  rest  as  nearly  as  possible  by  the  resistance 
of  the  load,  and  not  by  any  shock  on  any  fixed  points  in  the 
machine.  This  is  an  object  which,  consequently,  should  be 
aimed  at  with  a  view  to  the  economy  of  power,  independently 
of  other  considerations  connected  with  the  wear  and  tear  of 
the  machinery.  So  long  as  the  engine  is  only  applied  to  the 
operation  of  pumping  water,  great  regularity  of  motion  is  not 
essential,  and,  therefore,  the  variation  of  speed  which  appears 
to  be  an  almost  inevitable  consequence  of  any  extensive  ap- 
plication of  the  expansive  principle,  is  of  little  importance. 

In  the  patent  which  Watt  took  out  for  the  application, 
of  the  expansive  principle,  he  specified  several  methods 
of  producing  a  uniform  efiect  upon  a  uniform  resistance, 
notwithstanding  the  variation  of  the  energy  of  the  power 
which  necessarily  attended  the  expansion  of  the  steam.  This 
he  proposed  to  accomplish  by  various  mechanical  means,  some 
of  which  had  been  previously  applied  to  the  equalisation  of  a 
varying  power.  One  consisted  in  causing  the  piston  to  act 
on  a  lever,  which  should  have  an  arm  of  variable  length,  the 
length  increasing  in  the  same  proportion  as  the  energy  of  the 
moving  power  diminished.  This  was  an  expedient  which  had 
been  already  applied  in  mechanics  for  the  purpose  of  equalis- 
ing a  var}'ing  power.  A  well-known  example  of  it  is  pre- 
sented in  the  main-spring  and  fuzee  of  a  watch.  According 
as  the  watch  goes  down,  the  main-spring  becomes  relaxed, 
and  its  force  is  diminished ;  but,  at  the  same  time,  the  chain 
by  which  it  drives  the  fuzee  acts  upon  a  wheel  or  circle, 
having  a  diameter  increased  in  the  same  proportion  as  the 
energy  of  the  spring  is  diminished.* 

Another  expedient  consisted  in  causing  the  moving  power, 
when  acting  with  greatest  energy,  to  lift  a  weight  which 
should  be  allowed  to  descend  again,  assisting  the  piston  when 
the  energy  of  the  moving  force  was  diminished. 

*  Handbook  of  Natural  Philosophy,  First  Course,  p.  244. 
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Anotliei'  method  consisted  in  causing  the  moving  force, 
when  acting  with  greatest  energy,  to  impart  momentum  to  a 
mass  of  inert  matter,  which  should  be  made  to  restore  the 
same  force  when  the  moving  power  was  more  enfeebled.  We 
shall  not  more  than  allude  here  to  these  contrivances  pro- 
posed by  Watt,  since  their  application  has  never  been  found 
advantageous  in  cases  where  the  expansive  principle  is  used. 

(59.)  Expansion  requires  high  pressure.  —  The  applica- 
tion of  the  expansive  principle  in  the  engines  constructed  by 
Boulton  and  Watt  was  always  very  limited,  by  reason  of 
their  confining  themselves  to  the  use  of  steam  having  a  pres- 
sure not  much  exceeding  that  of  the  atmosphere.  If  the 
principle  of  expansion,  as  above  explained,  be  attentively 
considered,  it  will  be  evident  that  the  extent  of  its  applica- 
tion will  mainly  depend  on  the  density  and  pressure  of  the 
steam  admitted  from  tlie  boiler.  If  the  density  and  pressure 
be  not  considerable  when  the  steam  is  cut  oif,  the  extent  of 
its  subsequent  expansion  will  be  proportionally  limited.  It 
was  in  consequence  of  this,  that  this  principle  from  which 
considerable  economy  of  power  has  been  derived,  was  applied 
with  much  less  advantage  by  Mr.  Watt  than  it  has  since  been 
by  others,  who  have  adopted  the  use  of  steam  of  much  higher 
pressure.  In  the  engines  of  Boulton  and  Watt,  where  the 
expansive  principle  was  applied,  the  steam  was  cut  oif  after 
the  piston  had  performed  from  one  half  to  two  thirds  of  the 
stroke,  according  to  the  circumstances  under  which  the  engine 
was  worked.  The  decreasing  pressure  produced  by  expan- 
sion was,  in  this  case,  especially  with  the  larger  class  of  en- 
gines, little  more  than  would  be  necessary  to  allow  the  mo- 
mentum of  the  mass  moved  to  spend  itself,  before  the  arrival 
of  the  piston  at  the  end  of  the  stroke. 

Subsequently,  however,  boilers  producing  steam  of  much 
higher  pressure  were  applied,  and  the  steam  was  cut  off  when 
the  piston  had  performed  a  much  smaller  part  of  the  whole 
stroke.  The  great  theatre  of  these  experiments  and  improve- 
ments has  been  the  mining  districts  in  Cornwall,  where,  in- 
stead of  working  with  steam  of  a  pressure  not  much  exceed- 
ing that  of  the  atmosphere,  it  has  been  found  advantageous 
to  use  steam  whose  pressure  is  at  least  four  times  as  great  as 
that  of  the  atmosphere  ;  and  instead  of  limiting  its  expansion 
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to  the  last  half  or  fourth  of  the  stroke,  it  is  cut  off  after  the 
piston  has  performed  one  fourth  part  of  the  stroke  or  less,  all 
the  remainder  of  the  stroke  being  accomplished  by  the  ex- 
pansive power  of  the  steam,  and  by  momentum. 

(60.)  Uomblower's  double  cylmdcr.  —  One  of  the  methods 
of  equalising  the  varying  force  of  expanding  steam  would  be 
to  work  it  at  the  same  time  in  two  cylinders  connected  with 
the  same  beam  ;  so  that  while  its  force  in  one  would  be  aug- 
mented, its  force  in  the  other  would  be  diminished,  the  com- 
bination of  the  two  producing  a  uniform  effect.  Soon  after 
the  expansive  principle  was  promulged  by  Mr.  "Watt,  this 
expedient  was  accordingly  resorted  to  by  an  engineer  named 
Hornblowei". 

In  the  year  1781,   Hornblower  conceived  the  notion  of 

working  an  engine  with 
two  cylinders  of  differ- 
ent sizes,  by  allowing  the 
steam  to  flow  freely  from 
the  boiler  until  it  fills  the 
smaller  cylinder  and  then 
permitting  it  to  expand 
into  the  greater  one,  em- 
ploying it  thus  to  press 
down  two  pistons  in  the 
following  manner. 

Let  c,  Jig.  25.,  be  the 
centre  of  the  great  work- 
ing-beam, carrying  two 
arch  heads,  on  which  the 
jj  chains  of  the  piston  rods 
play.  The  distances  of 
these  arch  heads  from  the 
centre  c  must  be  in  the 
same  proportion  as  the 
length  of  the  cylinders,  in  order  that  the  same  play  of  the 
beam  may  correspond  to  the  play  of  both  pistons.  Let  f  be 
the  steam-pipe  from  the  boiler,  and  G  a  valve  to  admit  the 
steam  above  the  lesser  piston,  h  is  a  tube  by  which  a  com- 
munication may  be  opened  by  the  valve  i,  between  the  top 
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and  bottom  of  the  lesser  cylinder  b.  k  is  a  tube  communi- 
cating by  the  valve  l,  between  the  bottom  of  the  lesser 
cylinder  B  and  the  top  of  the  greater  cylinder  A.  m  is  a  tube 
communicating,  by  the  valve  n,  between  the  top  and  bottom 
of  the  greater  cylinder  A;  and  p  a  tube  leading  to  the  con- 
denser by  the  exhausting  valve  O. 

At  the  commencement  of  the  operation,  suppose  all  the 
valves  opened,  and  steam  allowed  to  flow  through  the  engine 
until  the  air  be  completely  expelled,  and  then  let  all  the 
valves  be  closed.  To  start  the  engine,  let  the  exhausting 
valve  o  and  the  steam  valves  G  and  L  be  opened,  as  'n\Jig.  25. 
The  steam  will  flow  freely  from  the  boiler,  and  press  upon 
the  lesser  piston,  and  at  the  same  time  the  steam  below  the 
greater  piston  will  flow  into  the  condenser,  leaving  a  vacuum 
in  the  greater  cylinder.  The  valve  L  being  opened,  the 
steam  which  is  under  the  piston  in  the  lesser  cylinder  will 
flow  through  k,  and  press  on  the  greater  piston,  which,  having 
a  vacuum  beneath  it,  will  consequently  descend.  At  the 
commencement  of  the  motion,  the  lesser  piston  is  as  much 
resisted  by  the  steam  below  it,  as  it  is  urged  by  the  steam 
above  it  ;  but  after  a  part  of  the  descent  has  been  effected, 
the  steam  below  the  piston,  in  the  lesser  cylinder,  passing 
into  the  greater,  expands  into  an  increased  space,  and  there- 
fore loses  part  of  its  elastic  force.  The  steam  above  the  lesser 
piston  retaining  its  full  force  by  having  a  free  communication 
with  the  boiler  by  the  valve  G,  the  lesser  piston  will  be  urged 
by  a  force  equal  to  the  excess  of  the  pressure  of  this  steam 
above  the  diminished  pressure  of  the  expanded  steam  below 
it.  As  the  pistons  descend,  the  steam  which  is  between  them 
is  continually  increasing  in  its  bulk,  and  therefore  decreasing 
in  its  pressure,  from  whence  it  follows,  that  the  foi-ce  which 
resists  the  lesser  piston  is  continually  decreasing,  while 
that  which  presses  it  down  remains  the  same,  and  there- 
fore the  effective  force  which  impels  it  must  be  continually 
increasing. 

On  the  other  hand,  the  force  which  urges  the  greater  piston 
is  continually  decreasing,  since  there  is  a  vacuum  below  it, 
and  the  steam  which  presses  it  is  continually  expanding  into 
an  increased  bulk. 

Impelled  in  this  way,  let  us  suppose  the  pistons  to  have 
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arrived  at  the  bottoms  of  the  cylinders,  and  let  the  valves 

G,  L,  and  o,  be  closed,  and  the 
valves  I  and  N  opened,  as  in  fig. 
26.  No  steam  is  allowed  to  flow 
from  the  boiler,  G  being  closed, 
nor  any  allowed  to  pass  into  the 
condenser,  since  o  is  closed,  and 
all  communication  between  the 
cylinders  is  stopped  by  closing  L. 
By  opening  the  valve  i,  a  free  com- 
munication is  made  between  the  top  and  bottom  of  the  lesser 
cylinder  through  the  tube  H,  so  that  the  steam  which  presses 
above  the  lesser  piston  will  exert  the  same  pressure  below  it, 
and  the  piston  is  in  a  state  of  inditference.  In  the  same 
manner  the  valve  n  being  open,  a  free  communication  is 
made  between  the  top  and  bottom  of  the  greater  cylinder,  and 
the  steam  circulates  above  and  below  the  piston,  and  leaves 
it  free  to  rise.  A  counterpoise  attached  to  the  pump-rods,  in 
this  case,  draws  up  the  piston,  as  in  Watt's  single  engine  ; 
and  when  they  arrive  at  the  top,  the  valves  i  and  n  are 
closed,  and  G,  L,  and  o  opened,  and  the  next  descent  of  the 
pistons  is  produced  in  the  manner  already  described,  and  so 
the  process  is  continued. 

The  valves  are  worked  by  the  engine  itself,  by  means 
similar  to  some  of  those  already  described.  By  computation, 
we  find  the  power  of  this  engine  to  be  nearly  the  same  as  a 
similar  engine  on  Watt's  expansive  principle.  It  does  not, 
however,  appear,  that  any  adequate  advantage  was  gained  by 
this  modification  of  the  principle,  since  no  engines  of  this 
construction  are  now  made. 

(61.)  Woolfs  double  cylinder. — The  use  of  two  cylin- 
ders was  revived  by  Ai'thur  Woolf  in  1804,  who,  in  this  and 
the  succeeding  year,  obtained  patents  for  the  application  of 
steam  raised  under  a  high  pressure  to  double-cylinder  engines. 
The  specification  of  his  patent  states,  that  he  has  proved  by 
experiment  that  steam  raised  under  a  safety  valve  loaded 
with  any  given  number  of  pounds  upon  the  square  inch  will, 
if  allowed  to  expand  into  as  many  times  its  bulk  as  there  are 
pounds  of  pressure  on  the  square  inch,  have  a  pressure  equal 
to  that  of  the  atmosphere.     Thus,  if  the  safety  valve   be 
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loaded  with  four  pounds  on  tlie  square  inch,  tlie  steam,  after 
expanding  into  four  times  its  bulk,  will  ha%'e  the  atmospheric 
pressure ;  if  it  be  loaded  with  5,  6,  or  10  lbs.  on  the  square 
inch,  it  will  have  the  atmospheric  pressure  when  it  has 
expanded  into  5,  6,  or  10  times  its  bulk,  and  so  on.  It  was, 
however,  understood  in  this  case,  that  the  vessel  into  which 
it  was  allowed  to  expand  should  have  the  same  temperature 
as  the  steam  before  it  expands. 

It  is  very  unaccountable  how  a  person  of  Mr.  Woolf's 
experience  in  the  practical  application  of  steam  could  be  led 
into  errors  so  gross  as  those  involved  in  the  averments  of  this 
patent ;  and  it  is  still  more  unaccountable  how  the  experiments 
could  have  been  conducted  which  led  him  to  conclusions  not 
only  incompatible  with  all  the  established  properties  of  elastic 
fluids,  but  even  involving  in  themselves  palpable  contradiction 
and  absurdity.  If  it  were  admitted  that  every  additional 
pound  avoirdupois  which  should  be  placed  upon  the  safety 
valve  would  enable  steam,  by  its  expansion  into  a  propor- 
tionally enlarged  space,  to  attain  a  pressure  equal  to  tiie 
atmosphere,  the  obvious  consequence  would  be,  th.at  a  physical 
relation  would  subsist  between  the  atmospheric  pressure  and 
the  pound  avoirdupois !  It  is  wonderful  that  it  did  not  occur 
to  Mr.  Woolf,  that,  granting  his  principle  to  be  true  at  any 
given  place,  it  would  necessarily  be  false  at  another  place, 
where  the  barometer  would  stand  at  a  different  height ! 
Thus,  if  the  principle  were  true  at  the  foot  of  a  mountain,  it 
would  be  false  at  the  top  of  it ;  and  if  it  were  true  in  fair 
weather,  it  Avould  be  false  in  foul  weather,  since  these  cir- 
cumstances would  be  attended  by  a  change  in  the  atmo- 
spheric pressure,  without  making  any  change  in  the  pound 
avoirdupois.* 

(62.)  Ericsson's  double  cylinder A  patent  has  lately 

been  obtained  by  Captain  Ericsson,  for  an  improved  method  of 
applying  the  principle  of  expansion  by  means  of  two  cylinders 
of  different  magnitudes.  This  engine  is  now  under  trial  on  a 
large  scale,  and  much  advantage  is  expected  from  it.f 

*  It  is  strange  that  this  absurdity  has  been  repeatedly  given,  without 
question  or  comment,  in  various  encyclopasdias,  as  well  as  in  by  far  the 
greater  number  of  treatises  expressly  on  the  subject. 

■^  See  Lardner's  Railway  Economy,  p.  374. 
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(63.)  General  application  of  steam  as  a  moving  power 
suggested. — For  several  years  after  the  extension  of  Watt's 
first  patent  had  been  obtained  from  parliament,  he  was 
altogether  engrossed  bj  the  labour  of  bringing  to  perlection 
the  application  of  the  steam  engine  to  the  drainage  of  mines, 
and  in  surmounting  the  numerous  difficulties  which  pre- 
sented themselves  to  its  general  adoption,  even  after  its 
manifold  advantages  were  established  and  admitted.  When, 
however,  these  obstacles  had  been  overcome,  and  the  works 
for  the  manufacture  of  engines  for  pumping  water,  at  Soho, 
had  been  organised  and  brought  into  active  oj)eration,  he 
was  relieved  from  the  pressure  of  these  anxieties,  and  was 
enabled  to  turn  his  attention  to  the  far  more  extensive  and 
important  uses  of  which  he  had  long  been  impressed  with 
the  conviction  that  the  engine  was  capable.  His  sagacious 
mind  enabled  him  to  perceive  that  the  machine  he  had  created 
was  an  infant  force,  which  by  the  fostering  influence  of 
his  own  genius  would  one  day  extend  a  vast  power  over 
the  arts  and  manufactures,  the  commerce  and  the  civilisation 
of  the  world.  Filled  with  such  aspirations,  he  addressed 
his  attention,  about  the  year  1779,  to  the  adaptation  of  the 
steam  engine  to  move  machinery,  and  thereby  to  supersede 
animal  power,  and  the  natural  agents,  wind  and  water. 

The  idea  that  steam  was  capable  of  being  applied  ex- 
tensively as  a  prime  mover,  had  prevailed  from  a  very  early 
period;  and  now  that  we  have  seen  its  powers  so  extensively 
brought  to  bear,  it  will  not  be  uninteresting  to  revert  to  the 
faint  traces  by  which  its  agency  was  sketched  in  the  crude 
speculations  of  the  early  mechanical  inventors. 

(64.)  Early  suggestion  of  steam  navigation  by  Papin. — 
Papin,  to  whom  the  credit  of  discovering  the  method  of 
producing  a  vacuum  by  the  condensation  of  steam  is  due, 
was  the  earliest  and  most  remarkable  of  those  projectors. 
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With  very  limited  powers  of  practical  application,  he  was, 
nevertheless,  peculiarly  happy  in  his  mechanical  con- 
ceptions ;  and  had  his  experience  and  opportunities  been 
proportionate  to  the  clear  sighted  character  of  his  mind,  he 
would  doubtless  have  anticipated  some  of  the  most  memo- 
rable of  his  successors  in  the  progressive  improvement  of 
the  steam  engine. 

In  his  VFork  already  cited,  after  describing  his  method  of 
imparting  an  alternate  motion  to  a  piston  by  the  atmo- 
spheric pressure  acting  against  a  vacuum  produced  by  the 
condensation  of  steam,  he  stated  that  his  invention,  besides 
being  applicable  to  pumping  water,  could  be  available  for 
rowing  vessels  against  wind  and  tide,  which  he  proposed  to 
accomplish  in  the  following  manner. 

Paddle  wheels,  such  as  have  since  been  brought  into  general 
use,  were  to  be  placed  at  the  sides,  and  attached  to  a  shaft 
extending  across  the  vesseL  "Within  the  vessel,  and  under 
this  shaft,  he  proposed  to  place  several  cylinders  supplied 
with  pistons,  to  be  worked  by  the  atmospheric  pressure.  On 
the  piston  rods  were  to  be  constructed  racks  furnished  with 
teeth:  these  teeth  were  to  work  in  the  teeth  of  wheels  or 
pinions,  placed  on  the  shaft  of  the  paddle  wheels.  These 
pinions  were  not  to  be  fixed  on  the  shaft,  but  to  be  con- 
nected with  it  by  a  ratchet;  so  that  when  they  turned  in 
one  direction,  they  would  revolve  without  causing  the  shaft  to 
revolve ;  but  when  driven  in  the  other  direction,  the  catch 
of  the  ratchet  wheel  would  act  upon  the  shaft  so  as  to  compel 
the  shaft  and  paddle  wheels  to  revolve  with  the  motion  of 
the  pinion  or  wheel  upon  it.  By  this  arrangement,  whenever 
the  piston  of  any  cylinder  was  forced  down  by  the  atmo- 
spheric pressure,  the  rack  descending  would  cause  the  cor- 
responding pinion  of  the  paddle  shaft  to  revolve;  and  the 
catch  of  the  ratchet  wheel,  being  thus  in  operation,  would 
cause  the  paddle  shaft  and  paddle  wheels  also  to  revolve ; 
but  whenever  the  piston  would  rise,  the  rack  driving  the 
pinion  in  the  opposite  direction,  the  catch  of  the  ratchet 
wheel  would  merely  fall  from  tooth  to  tooth,  without  driv- 
ing the  paddle  shaft. 

It   is  evident   that    by    such  an    arrangement   a   single 
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cylinder  and  piston  would  give  an  intermitting  motion  to  the 
paddle  shaft,  the  moiion  of  the  wheel  being  continued  only 
during  the  descent  of  the  piston ;  but  if  several  cylinders 
were  provided,  then  their  motion  might  be  so  managed,  that 
when  one  would  be  performing  its  ascending  stroke,  and 
therefore  giving  no  motion  to  the  paddle  shaft,  another 
should  be  performing  its  descending  stroke,  and  therefore 
driving  the  paddle  shaft.  As  the  interval  between  the 
arrival  of  the  piston  at  the  bottom  of  the  cylinder  and  the 
commencement  of  its  next  descent  would  have  been,  in  the 
imperfect  machine  conceived  by  Papin,  much  longer  than  the 
time  of  the  descent,  it  was  evident  that  more  than  two 
cylinders  would  be  necessary  to  insure  a  constantly  acting 
force  on  the  paddle  shal't,  and  accordingly  Papin  proposed 
to  use  several  cylinders. 

In  addition  to  this,  Papin  proposed  to  construct  a  boiler 
having  a  fireplace  surrounded  on  every  side  by  water,  so  that 
the  heat  might  be  imparted  to  the  water  with  such  increased 
rapidity  as  to  enable  the  piston  to  make  four  strokes  per 
minute.  These  projects  were  promulged  in  1690,  but  it 
does  not  appear  that  they  were  ever  reduced  to  experiment. 

(65.)  Savery,  in  1698,  conceived  the  idea  of  using  steam 
generally  as  a  prime  mover.  —  Savery  proposed,  in  his 
original  patent,  in  1698,  to  apply  his  steam  engine  as  a  gene- 
ral prime  mover  for  all  sorts  of  machinery,  by  causing  it  to 
raise  water,  to  make  an  artificial  fall,  by  which  overshot 
water  wheels  might  be  driven.  This  proposal  was  not  acted 
on  during  the  lifetime  of  Savery,  but  it  was  at  a  subsequent 
period  partially  carried  into  efiect.  Mr.  Joshua  Rigley  erected 
several  steam  engines  on  this  principle  at  Manchester,  and 
other  parts  of  Lancashire,  to  impel  the  machinery  of  some  of 
the  earliest  manufactories  and  cotton  mills  in  that  district. 
The  engines  generally  raised  the  water  from  sixteen  to 
twenty  feet  high,  from  whence  it  was  conveyed  to  an  over- 
shot wheel,  to  which  it  gave  motion.  The  same  water  was 
repeatedly  elevated  by  the  engine,  so  that  no  other  supply 
was  necessary,  save  what  was  sufficient  to  make  good  the 
waste.  These  engines  continued  in  use  for  some  years,  until 
superseded  by  improved  machines. 
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(66.)  Jonathan  Hulls'  project  of  toiving  s/iips  (1736). — 
In  1736,  Jonathan  Hulls  obtained  a  patent  for  a  method  of 
towing  ships  into  or  out  of  harbour  against  wind  and  tide. 
This  method  was  little  more  than  a  revival  of  that  proposed 
by  Papin  in  1690.  The  motion,  however,  was  to  be  com- 
municated to  the  paddle  shaft  by  a  rope  passing  over  a  pulley 
fixed  on  an  axis,  and  was  to  be  maintained  during  the  re- 
turning stroke  of  the  piston  by  the  descent  of  a  weight  which 
was  elevated  during  the  descending  sti'oke.  There  is  no 
record,  however,  of  this  plan,  any  more  than  that  of  Papin, 
ever  having  been  reduced  to  experiment. 

(67.)  Early  attempts  to  apply  the  atmospheric  engine  as  a 
general  mover. —  Dui'ing  the  early  part  of  the  last  century 
the  manufactures  of  this  country  had  not  attained  to  such 
an  extent  as  to  render  the  moving  power  supplied  by  water 
insufficient  or  uncertain  to  any  inconvenient  degree  ;  and 
accordingly  mills,  and  other  works  in  which  machinery  re- 
quired to  be  driven  by  a  moving  power,  were  usually  built 
along  the  streams  of  rivers.  About  the  year  1750  the  gene- 
ral extension  of  manufactures,  and  their  establishment  in 
localities  where  water  power  was  not  accessible,  called  the 
steam  engine  into  more  extensive  operation.  In  the  year 
1752,  Mr.  Champion,  of  Bristol,  applied  the  atmospheric 
engine  to  raise  water,  by  which  a  number  of  overshot  wheels 
were  driven.  These  were  applied  to  move  extensive  brass- 
works  in  that  neighbourhood,  and  this  application  was  con- 
tinued for  about  twenty  years,  but  ultimately  given  up  on 
account  of  the  expense  of  fuel  and  the  inipi'oved  applications 
of  the  steam  engine. 

About  this  time  Smeaton  applied  himself  with  great 
activity  and  success  to  the  improvement  of  wind  and  water 
mills,  and  succeeded  in  augmenting  their  useful  effect  in 
a  twofold  proportion  with  the  same  supply  of  water.  From 
the  year  1750  until  the  year  1780  he  was  engaged  in  the 
construction  of  his  improved  w^ater  mills,  which  he  erected 
in  various  parts  of  the  country,  and  which  were  imitated  so 
extensively  that  the  improvement  of  such  mills  became  gene- 
ral. In  cases  where  a  summer  drought  suspended  the  supply  of 
water,  horse  machinery  was  provided,  either  to  work  the  mill, 
or  to  throw  back  the  water.    These  improvements  necessarily 
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obstructed  for  a  time  tLe  extension  of  steam  power  to  mill 
work  ;  but  the  increase  of  manufactures  soon  created  a  de- 
mand for  power  greatly  exceeding  what  could  be  supplied  by 
such  limited  means. 

In  the  manufacture  of  iron,  it  is  of  great  importance  to 
keep  the  furnaces  continually  blown,  so  that  the  heat  may 
never  be  abated  by  day  or  night.  In  the  extensive  iron 
works  at  Colebrook  Dale,  several  water  wheels  were  used  in 
the  different  operations  of  the  manufacture  of  iron,  especially 
in  driving  the  blowers  of  the  iron  furnaces.  These  wheels 
were  usually  driven  by  the  water  of  a  river,  but  in  the  sum- 
mer months  the  supply  became  so  short  that  it  was  insufficient 
to  work  them  all.  Steam  engines  were  accordingly  erected 
to  return  the  water  for  driving  these  wheels.  This  applica- 
tion of  the  engine  as  an  occasional  power  for  the  supply  of 
water  wheels  having  been  found  so  effectual,  returning  engines 
were  soon  adopted  as  the  permanent  and  regular  means  of 
supplying  water  wheels.  The  first  attempt  of  this  kind  is 
recorded  to  have  been  made  by  Mr.  Oxley,  in  1762,  who 
constructed  a  machine  to  draw  coals  out  of  a  pit  at  Hartley 
Colliery,  in  Northumberland.  It  was  originally  intended  to 
turn  the  machine  by  a  continuous  circular  motion  received 
from  the  beam  of  the  engine ;  but  that  method  not  being 
successful,  the  engine  was  applied  to  raise  water  for  a  wheel 
by  which  the  machine  was  worked.  This  engine  was  con- 
tinued in  use  for  several  years,  and  though  it  was  at  length 
abandoned,  on  account  of  its  defective  construction,  it  never- 
theless established  the  practicability  of  using  steam  power  as 
a  means  of  driving  water  wheels. 

(68.)  Stewards  project  (\111)  for  obtaining  a  rotatory 
motion. —  In  the  year  1777,  Mr.  John  Stewart  read  a  paper 
before  the  Royal  Society,  describing  a  method  for  obtaining 
a  continued  circular  motion  for  turning  all  kinds  of  mills 
from  the  reciprocating  motion  of  a  steam  engine.  He  pro- 
posed to  accomplish  this  by  means  of  two  endless  chains 
passing  over  pulleys,  which  should  be  moved  upwards  and 
downwards  by  the  motion  of  the  engine,  in  the  manner  of  a 
window  sash.  The  joint  pins  of  the  links  of  the  two  chains 
worked  in  teeth  at  the  opposite  sides  of  a  cog-wheel,  to 
which  they  imparted  a  circular  motion,  first  by  one  chain, 
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and  then  by  the  other,  acting  alternately  on  opposite  sides 
of  the  wheel.  One  chain  impelled  it  during  tlie  descent  of 
the  piston,  and  the  other  during  the  ascent;  but  one  of  these 
chair, s  always  passed  over  its  pulleys  so  as  to  produce  no 
effect  on  one  side  of  the  cog-wheel,  whilst  the  other  chain 
worked  on  the  opposite  side  to  turn  it  round.  For  this 
purpose  each  chain  was  provided  with  a  catch,  to  prevent 
its  sliding  over  its  pulleys  in  one  direction,  but  to  allow 
it  free  motion  in  the  other.  Tlie  cog-wheel  thus  kept  in 
revolution  might  be  applied  to  the  axis  of  any  mill  which 
the  engine  was  required  to  work.  Thus,  if  it  wei'e  applied 
to  a  flour  mill,  the  millstone  itself  would  perform  the  office 
of  a  fly-wheel  to  regulate  the  intermission  of  the  powei",  and 
in  other  mills  a  fly-wheel  might  be  added  for  this  purpose. 
'  The  hints  obtained  by  Mr.  Stewart  from  Papin's  contriv- 
ance, before  mentioned,  will  not  fail  to  be  perceived.  Jn 
Mr.  Stewart's  paper  lie  notices  indirectly  the  method  of 
obtaining  a  continued  circular  motion  from  a  reciprocating 
motion  by  means  of  a  crank  or  winch,  which,  he  says,  occurs 
naturally  in  theory,  but  in  practice  would  be  impossible,  from, 
the  nature  of  the  motion  of  the  engine.  Such  an  opinion, 
pronounced  by  a  man  of  considerable  mechanical  knowledge 
and  ingenuity,  against  a  contrivance  which,  as  will  presently 
appear,  proved  in  practice,  not  less  than  in  theory,  to  be  the 
most  eflfectual  means  of  accomplishing  the  end  here  pro- 
nounced to  be  impossible,  is  sufficiently  remarkable.  It 
might  cast  some  doubt  on  the  extent  of  Mr.  Stewart's  prac- 
tical knowledge,  if  it  did  not  happen  to  be  in  accordance 
with  a  judgment  so  generally  unimpeachable  as  that  of  Mr. 
Smeaton.  This  paper  of  Mr.  Stewart's  was  referred  by  the 
council  of  the  Royal  Society  to  Mr.  Smeaton,  who  remarked 
upon  the  difficulty  arising  from  the  absolute  stopping  of  the 
whole  mass  of  moving  power,  whenever  the  direction  of  the 
motion  is  changed ;  and  observed,  tliat  although  a  fly-wheel 
might  be  applied  to  regulate  the  motion,  it  must  be  such  a 
l-arge  one  as  would  not  be  readily  controlled  by  the  engine 
itself;  and  he  considered  that  the  use  of  such  a  fly-wheel 
would  be  a  greater  incumbrance  to  a  mill  than  a  water-wheel 
to  be  supplied  by  water  pumped  up  by  the  engine.     This 
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engineer,  illustrious  as  he  was,  not  only  fell  into  the  error 
jf  Mr.  Stewart  in  respect  of  the  crank,  but  committed  the 
I'urther  blunder  of  condemning  the  very  expedient  which  has 
since  rendered  the  crank  effectual.  It  will  presently  appear 
that  the  combination  of  the  crank  and  fly-wheel  have  been 
the  chief  means  of  establishing  the  dominion  of  the  steam 
engine  over  manufactures. 

(69.)  fVasbrough  engines  (1779).  —  In  1779,  ISIr.  Matthew 
Wasbrough,  an  engineer  at  Bristol,  took  out  a  patent  for 
the  application  of  a  steam  engine  to  produce  a  continuous 
nrcular  motion  by  means  of  ratchet  wheels,  similar  to 
:hose  previously  used  by  Mr.  Oxley,  at  Hartley  Colliery ; 
to  which,  however,  Mr.  Wasbrough  added  a  fly-wheel  to 
noaintain  and  regulate  the  motion.  Several  machines 
ivere  constructed  under  this  patent ;  and,  among  others, 
ane  was  erected  at  Mr.  Taylor's  saw-mills  and  block  ma- 
nufactory at  Southampton.  In  1780,  one  was  erected  at 
Birmingham,  where  the  ratchet  work  was  found  to  be  sub- 
ject to  such  objections,  that  one  of  the  persons  about  the 
works  substituted  for  it  the  simple  crank,  which  has  since 
been  invariably  used.  A  patent  was  taken  out  for  this  appli- 
cation of  the  crank  in  the  same  year,  by  Mr.  James  Pickard, 
of  Birmingham.  It  will  presently  appear,  however,  that 
the  suggestions  of  this  application  of  the  crank  was  derived 
from  the  proceedings  of  Watt,  who  was  at  the  same  time 
engaged  in  similar  experiments. 

(70.)  Defects  of  Watt's  single-acting  engine  as  a  general 
mover.  —  The  single-acting  steam  engine,  as  constructed  by 
Watt,  was  not  adapted  to  produce  continuous  uniform  motion 
of  rotation,  for  tlie  following  reasons  :  — 

First.  The  effect  required  was  that  of  an  uniformly  acting 
force.  The  steam  engine,  on  the  other  hand,  supplied  an 
intermitting  force.  Its  operation  was  continued  during  the 
descending  motion  of  the  piston,  but  it  was  suspended  during 
the  ascent  of  the  piston.  To  produce  the  continued  effect  now 
required,  either  its  principle  of  operation  should  be  altered,- 
or  some  expedient  should  be  devised  for  maintaining  the 
motion  of  the  revolving  shaft  during  the  ascent  of  the  piston, 
and  the  consequent  suspension  of  the  moving  power. 
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Secondly.  The  action  of  the  steam  engine  was  rectilinear. 
It  was  a  power  which  acted  in  a  straight  line,  viz.  in  the 
direction  of  the  cylinder.  The  motion,  however,  required  to 
be  produced,  was  a  circular  motion  —  a  motion  of  rotation 
around  the  axis  or  shaft  of  a  mill. 

(71.)  Watfs  first  attempts  to  obtain  a  continuous  rotatory 
motion.  —  The  steps  by  wliich  AYatt  proceeded  to  accomplish 
these  objects  have  been  recorded  by  himself  as  follows,  in  his 
notes  upon  Dr.  Robison's  article  on  the  steam  engine  :  — 

"  I  had  very  early  turned  my  mind  to  the  producing  of 
continued  motion  round  an  axis  ;  and  it  will  be  seen  by  re- 
ference to  my  first  specification  in  1769,  that  I  there  described 
!\  steam  wheel,  moved  by  the  force  of  steam,  acting  in  a  cir- 
/  cular  channel  against  a  valve  on  one  side,  and  against  a 
column  of  mercury,  or  some  other  fluid  metal,  on  the  other 
side.  This  was  executed  upon  a  scale  of  about  six  feet 
diameter  at  Soho,  and  worked  repeatedly,  but  was  given  up, 
as  several  practical  objections  were  found  to  operate  against 
it.  Similar  objections  lay  against  other  rotative  engines, 
which  had  been  contrived  by  myself  and  others,  as  well 
as  to  the  engines  producing  rotatory  motions  by  means  of 
ratchet  wheels. 

"  Having  made  my  single  reciprocating  engines  very  regular 
in  their  movements,  I  considered  how  to  pi'oduce  rotative 
motions  from  them  in  the  best  manner ;  and  amongst  various 
schemes  which  were  subjected  to  trial,  or  which  passed 
through  my  mind,  none  appeared  so  likely  to  answer  the  pur- 
pose as  the  application  of  the  crank,  in  the  manner  of  the 
common  turning  lathe  ;  but  as  the  rotative  motion  is  pro- 
duced in  that  machine  by  impulse  given  to  the  crank  in  the 
descent  of  the  foot  only,  it  requires  to  be  continued  in  its 
ascent  by  the  energy  of  the  wheel,  which  acts  as  a  fly ; 
being  unwilling  to  load  my  engine  with  a  fly-wheel  heavy 
enough  to  continue  the  motion  during  the  ascent  of  the  piston 
(or  Avith  a  fly-wheel  heavy  enough  to  equalise  the  motion, 
even  if  a  counterweight  were  employed  to  act  during  that 
ascent),  I  proposed  to  employ  two  engines,  acting  upon  two 
cranks  fixed  on  the  same  axis,  at  an  angle  of  120°  to  one 
another,  and  a  weight  placed  upon  the  circumference  of  the 
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fly-wheel  at  the  same  angle  to  each  of  the  cranks,  by  which 
means  the  motion  might  be  rendered  nearly  equal,  and  only 
a  very  light  fly-wlieel  would  be  requisite. 

"  Tliis  had  occurred  to  me  very  early ;  but  my  attention 
being  fully  employed  in  making  and  erecting  engines  for 
raising  water,  it  remained  in  petto  until  about  the  year  1778 
or  1789,  when  Mr.  Wasbrough  erected  one  of  his  ratchet 
wheel  engines  at  Birmingham,  the  frequent  breakages  and 
irregularities  of  which  recalled  the  subject  to  my  mind,  and 
I  proceeded  to  make  a  model  of  my  method,  which  answered 
my  expectations ;  but  having  neglected  to  take  out  a  patent, 
the  invention  was  communicated  by  a  workman  employed  to 
make  the  model,  to  some  of  the  people  about  Mr.  Wasbrough's 
engine,  and  a  patent  was  taken  out  by  them  for  the  applica- 
tion of  the  crank  to  steam  engines.  This  fact  the  said  work- 
man confessed,  and  the  engineer  who  directed  the  works 
acknowledged  it ;  but  said,  nevertheless,  that  the  same  idea 
had  occurred  to  him  prior  to  his  hearing  of  mine,  and  that 
he  had  even  made  a  model  of  it  before  that  time  ;  which  might 
be  a  fact,  as  the  application  to  a  single  crank  was  sufficiently 
obvious. 

"  In  these  circumstances,  I  thought  it  better  to  endeavour 
to  accomplish  the  same  end  by  other  means,  than  to  enter 
into  litigation  ;  and  if  successful,  by  demolishing  the  patent, 
to  lay  the  matter  open  to  every  body.  Accordingly,  in  1781, 
I  invented  and  took  out  a  patent  for  several  methods  of  pro- 
ducing rotative  motions  from  reciprocating  ones ;  amono-st 
which  was  the  method  of  the  sun-and-planet  wheels.  This 
contrivance  was  applied  to  many  engines,  and  possesses  the 
great  advantage  of  giving  a  double  velocity  to  the  fly-wheel ; 
but  is  perhaps  more  subject  to  wear,  and  to  be  broken  under 
great  strains,  than  a  simple  crank,  which  is  now  more  com- 
monly used,  although  it  requires  a  fly-wheel  of  four  times 
the  weight,  if  fixed  upon  the  first  axis.  My  application  of 
the  double  engine  to  these  rotative  machines  rendered  the 
counterweight  unnecessary,  and  produced  a  more  regular 
motion." 

(72.)  TVatt's  second  patent  (1781). —  Watt's  second  patent 
here  referred  to  was  dated  2oth  Oct.  1781,  and  was  entitled 
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"  A  patent  for  certain  new  methods  of  applying  the  vibrating 
or  reciprocating  motions  of  steam  or  fire  engines  to  produce  a 
continued  rotative  or  circular  motion  round  an  axis  or  centre, 
and  thereby  to  give  motion  to  the  wheels  of  mills  and  other 
machines." 

All  the  methods  specified  in  this  patent  were  intended  to 
be  worked  by  the  single-acting  engine,  already  described,  a 
counterweight  being  applied  to  impel  the  machinery  during 
the  returning  stroke  of  the  engine,  which  weight  would  be 
elevated  during  the  descent  of  the  piston.  There  were  five 
different  expedients  proposed  in  the  specification  for  pro- 
ducing a  rotatory  motion ;  but,  of  these  five,  two  only  were 
ever  applied  in  practice. 

,  (73.)  Methods  of  producing  continuous  rotatory  motion.  — 
Sun-and-planet  icheel.  —  Suppose  a  rod  or  bar  attached  by 
a  pin  or  joint  at  the  upper  extremity  to  the  working  end  of 
the  beam  of  the  engine,  and  by  a  similar  pin  or  joint  at  the 
lower  extremity  to  an  iron  wheel  fixed  on  the  extremity  of 
the  axis  of  the  fly-wheel.  One  half  of  this  wheel  is  formed 
of  a  solid  semicircle  of  cast  iron,  while  the  other  half  is  con- 
structed of  open  spokes,  so  as  to  be  as  light  as  is  consistent 
with  strength.  The  position  of  the  wheel  on  the  axis  is  such 
that,  during  the  returning  stroke  of  the  piston,  when  the 
operation  of  the  steam  is  suspended,  the  heavy  semicircle  of 
the  wheel  will  be  descending,  and  by  its  weight  will  draw 
down  the  connecting  bar,  and  thereby  draw  down  the  work- 
ing end  of  the  beam,  and  draw  up  the  piston  in  the  cylinder. 
When  the  piston  descends  and  is  driven  by  the  power  of 
the  steam,  the  heavy  semicircle  of  the  above-mentioned  Avheel 
will  be  drawn  upwards,  and  in  the  same  way  the  motion  will 
be  continued. 

The  second  method  of  producing  a  rotatory  motion,  which 
was  subsequently  continued  for  many  years  in  practical 
operation,  was  that  which  was  called  the  Sun-and-planet 
Wheels.  A  toothed  wheel  A  (fig.  27.),  called  the  sun  wheel, 
was  fixed  on  the  axle  of  the  fly-wheel,  to  which  rotation  was 
to  be  imparted.  The  wheel  B,  called  the  planet  wheel,  having 
an  equal  diameter,  was  fastened  on  the  end  i  of  the  connect- 
ing rod  H  I,  so  as  to  be  incapable  of  revolving.  During  the 
descent  of  the  piston,  the  working  end  of  the  beam  was 
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Irawn  upwards,  and  the  end  i  of  the  connecting  rod  travelled 
rem  c  to  D,  throiie:h  the  dotted  semicircle  C  i  D.  The  wheel 
J  not  being  capable  of  revolving  on  the  centre  i,  would,  during 
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this  motion,  drive  the  sun  wheel  A.  During  the  ascent  of  the 
steam  piston,  the  working  end  of  the  beam  would  descend, 
and  the  centre  i  of  the  planet  wheel  b  would  be  driven  down- 
wards from  D  to  c,  through  the  other  dotted  semicircle,  and 
would  consequently  continue  to  drive  the  sun  wheel  round  in 
the  same  direction. 

This  contrivance,  although  in  the  main  inferior  to  the 
more  simple  one  of  the  crank,  is  not  without  some  advan- 
tages ;  among  others,  it  gives  to  the  sun  wheel  double  the 
velocity  which  would  be  communicated  by  the  crank  ;  for  in 
the  crank  one  revolution  only  on  the  axle  is  produced  by 
one  revolution  of  the  crank,  but  in  the  sun-and-planet  wheel 
two  revolutions  of  the  sun  wheel  are  produced  by  one  of  the 
planet  wheel ;  thus  a  double  velocity  is  obtained  from  the 
same  motion  of  the  beam.  This  will  be  evident  from  consi- 
dering that  when  the  planet  wheel  is  in  its  highest  position, 
[its  lowest  tooth  is  engaged  with  the  highest  tooth  of  the  sun 
wheel ;  as  the  planet  wheel  passes  from  the  highest  position, 
its  teeth  drive  those  of  the  sun  wheel  before  them,  and  when 
it  comes  into  the  lowest  position,  the  highest  tooth  of  the 
planet  wheel  is  engaged  with  the  lowest  of  the  sun  wheel : 
but  then  half  of  the   son  wheel  has  rolled  off  the  planet 
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wheel,  and,  therefore,  the  tooth  which  was  engaged  with  it 
in  its  highest  position,  must  now  be  distant  from  it  by  half 
the  circumference  of  the  wheel,  and  must,  therefore,  be 
again  in  the  highest  position ;  so  that  while  the  planet  wheel 
has  been  carried  from  the  top  to  the  bottom,  the  sun  wheel 
has  made  a  complete  revolution. 

This  advantage  of  giving  an  increased  velocity  may  be 
obtained  also  by  the  crank,  by  placing  toothed  wheels  on  its 
axle.  Independently  of  the  greater  expense  attending  the 
construction  of  the  sun-and-planet  wheel,  its  liability  to  go 
out  of  order,  and  the  rapid  wear  of  the  teeth,  and  other  ob- 
jections, rendered  it  inferior  to  the  crank,  which  has  entirely 
superseded  it. 

(74.)  Itivention  of  double-acting  piston.  —  Although  by 
these  contrivances  Watt  succeeded  in  obtaining  a  continuous 
circular  motion  from  the  reciprocating  motion  of  the  steam 
engine,  the  machine  was  still  one  of  intermitting,  instead  of 
continuous,  action.  The  expedient  of  a  counterweight,  ele- 
vated during  the  descending  stroke,  and  giving  back  the 
power  expended  on  it  in  the  interval  of  the  returning  stroke, 
did  not  satisfy  the  fastidious  mechanical  taste  of  Watt.  He 
soon  perceived  that  all  which  he  first  proposed  to  accomplish 
by  the  application  of  two  cylinders  and  pistons  working  alter- 
nately, could  be  attained  with  greater  simplicity  and  effect 
by  a  single  cylinder,  if  he  could  devise  means  by  which  the 
piston  might  be  impelled  by  steam  upwards  as  well  as  down- 
wards. To  accomplish  this,  it  was  only  necessary  to  throw 
each  end  of  the  cylinder  into  alternate  communication 
with  the  boiler  and  condenser.  If,  for  example,  during  the 
descent  of  the  piston,  the  upper  end  of  the  cylinder  commu- 
nicated with  the  boiler,  and  the  lower  end  with  the  con- 
denser ;  and,  on  the  other  hand,  during  the  ascent  of  the 
piston,  the  lower  end  communicated  with  the  boiler,  and  the 
upper  end  with  the  condenser,  then  the  piston  would  be 
driven  continually,  whether  upwards  or  downwards,  by  the 
power  of  steam  acting  against  a  vacuum.  Watt  obtained 
his  third  patent  for  this  contrivance,  on  the  12th  of  March, 
1782. 

This  change  in  the  principle  of  the  machine  involved 
several  other  changes  in  the  details  of  its  mechanism. 
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(75.)  Valves  for  regulating  the  admission  of  steam  to  the 
cylinder.  —  It  was  necessary,  in  the  first  place,  to  provide 
means  for  admitting  and  withdrawing  the  steam  at  either 
end  of  the  cylinder.  For  this  purpose 
let  B  and  b'  {Jig.  28.)  be  two  steam 
boxes,  B  the  upper,  and  b'  the  lower, 
communicating  respectively  with  the 
top  and  bottom  of  the  cylinder  by 
proper  passages  D  d'.  Let  two  valves 
be  placed  in  b,  one,  s,  above  the  pas- 
sage D,  and  the  other,  c,  below  it ; 
and  in  like  manner  two  other  valves 
in  the  lower  valve  box  b',  one,  s', 
above  the  passage  d',  and  the  other,  c', 
below  it.  Above  the  valve  s  in  the 
upper  steam  box  is  an  opening  at 
which  the  steam  pipe  from  the  boiler 
»'  enters,  and  below  the  valve  c  is  an- 

other opening,  at  which  enters  the  exhausting  pipe  leading 
to  the  condenser.  In  like  manner,  above  the  valve  s'  in  the 
lower  steam  box  enters  a  steam  pipe  leading  from  the  boiler, 
and  below  the  valve  c'  enters  an  exhausting  pipe  leading  to 
the  condenser.  It  is  evident,  therefore,  that  steam  can 
always  be  admitted  above  the  piston  by  opening  the  valve  s, 
and  below  it  by  opening  the  valve  s' ;  and,  in  like  manner, 
steam  can  be  withdrawn  from  the  cylinder  above  the  piston, 
and  allowed  to  pass  to  the  condenser  by  opening  the  valve 
C,  and  from  below  it  by  opening  the  valve  c'. 

Supposing  the  piston  p  to  be  at  the  top  of  the  cylinder, 
and  the  cylinder  below  the  piston  to  be  filled  with  pure 
steam,  let  the  valves  s  and  c'  be  opened,  the  valves  c  and  s' 
being  closed,  as  represented  in  fig.  28.  Steam  from  the 
boiler  will,  therefore,  flow  in  through  the  open  valve  s,  and 
will  press  the  piston  downwards,  while  the  steam  that  has 
filled  the  cylinder  below  the  piston  will  pass  through  the 
open  valve  c'  into  the  exhausting  pipe  leading  to  the  con- 
denser, and  being  condensed  will  leave  the  cylinder  below 
the  piston  a  vacuum.  The  piston  will,  therefore,  be  pressed 
downwards  by  the  action  of  the  steam  above  it,  as  in  the 
single-acting  engine.     Having  arrived  at  the  bottom  of  the 
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cylinder,  let  the  valves  s  and  c'  be  both  closed,  and  the 
valves  s'  and  c  be  opened,  as  represented  in  Jig.  29.  Steam 
will  now  be  admitted  through  the  open 
valve  s'  and  through  the  passage  d' 
below  the  piston,  while  the  steam  which 
has  just  driven  the  piston  downwards, 
filling  the  cylinder  above  the  piston, 
will  be  drawn  oiF  through  the  open 
valve  C,  and  the  exhausting  pipe,  into 
the  condenser,  leaving  the  cylinder  above 
the  piston,  a  vacuum.  The  piston  will, 
therefore,  be  pressed  upwards  by  the 
action  of  the  steam  below  it,  against  the 
vacuum  above  it,  and  will  ascend  with 
the  same  force  as  that  with  which  it  had 
descended. 

This  alternate  action  of  the  piston  upwards  and  downwards 
may  evidently  be  continued  by  opening  and  closing  the  valves 
alternately  in  pairs.  Whenever  the  piston  is  at  the  top  of 
the  cylinder,  as  represented  in  fig.  28.,  the  valves  s  and  c', 
that  is,  the  upper  steam  valve  and  the  lower  exhausting 
valve,  are  opened ;  and  the  valves  c  and  s',  that  is,  the  upper 
exhausting  valve  and  the  lower  steam  valve,  are  closed ;  and 
when  the  piston  has  arrived  at  the  bottom  of  the  cylinder,  as 
represented  \rifig.  29.,  the  valves  c  and  s',  that  is,  the  upper 
exhausting  valve  and  the  lower  steam  valve,  are  opened,  and 
the  valves  s  and  c',  that  is,  the  upper  steam  valve  and  the 
lower  exhausting  valve,  are  closed. 

If  these  valves,  as  has  been  here  supposed,  be  opened  and 
closed  at  the  moments  at  which  the  piston  reaches  the  top 
and  bottom  of  the  cylinder,  it  is  evident  that  they  may  be  all 
worked  by  a  single  lever  connected  with  them  by  proper 
mechanism.  When  the  piston  arrives  at  the  top  of  the 
cylinder,  this  lever  would  be  made  to  open  the  valves  s  and 
c',  and  at  the  same  time  to  close  the  valves  s'  and  c ;  and 
when  it  arrives  at  the  bottom  of  the  cylinder,  it  would  be 
made  to  close  the  valves  s  and  c',  and  to  open  the  valves 
s'  and  c. 

If,  however,  it  be  desired  to  cut  off  the  steam  before  the 
arrival  of  the  piston  at  the  termination  of  its  stroke,  whether 
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upwards  or  downwards,  then  the  steam  valves  mast  be  closed 
before  the  arrival  of  the  piston  at  the  end  of  its  stroke ;  and 
as  the  exhausting  valve  ought  to  be  left  open  until  the  stroke 
is  completed,  these  valves  ought  to  be  moved  at  different 
times.  In  that  case  separate  levers  should  be  provided  for 
the  different  valves.  We  shall,  however,  return  again  to  the 
subject  of  the  valves  which  regulate  the  admission  of  steam 
to  the  cylinder  and  its  escape  to  the  condenser. 

(76.)  Modification  of  the  condensing  jet. —  It  will  be  re- 
membered that  in  the  single-acting  engine  the  process  of 
cx)ndensation  was  suspended  while  the  piston  ascended  in  the 
cylinder,  and  therefore  the  play  of  the  jet  of  cold  water  in 
the  condenser  was  stopped  during  this  interval.  In  the 
double-acting  engine,  however,  the  flow  of  steam  from  the 
cylinder  to  the  condenser  is  continued,  whether  the  piston 
ascends  or  descends,  and  therefore  a  constant  condensation  of 
steam  must  be  produced.  The  condensing  jet,  therefore, 
does  not  in  this  case,  as  in  the  former,  play  with  intervals  of 
intermission.  A  constant  jet  of  cold  water  must  be  main- 
tained in  the  condenser. 

It  will  presently  appear  that  in  the  double-acting  engine 
applied  to  manufactures,  the  motion  of  the  piston  was  subject 
to  more  or  less  variation  of  speed,  and  the  quantity  of  steam 
admitted  to  the  cylinder  was.  subject  to  a  corresponding 
change.  The  quantity  of  steam,  therefore,  drawn  into  the 
condenser  was  subject  to  variation,  and  required  a  consider- 
able change  in  the  quantity  of  cold  water  admitted  through 
the  jet  to  condense  it.  To  regulate  this,  the  valve  or  cock 
by  which  the  water  was  admitted  into  the  condenser  was 
worked  in  the  double-acting  engine  by  a  lever  furnished  with 
an  index,  by  which  the  quantity  of  condensing  water  ad- 
mitted into  the  condenser  could  be  regulated.  This  index 
played  upon  a  graduated  arch,  by  which  the  engine-man  was 
enabled  to  regulate  the  supply. 

(77.)  Invention  of  parallel  motion.  —  In  the  single-acting 

engine,   the  force  of  the    piston    acted  on   the  beam  only 

during  its  descent ;  and  this  force  was  transmitted  from  the 

liston  to  the  beam,  as  we  have  seen,  by  a  flexible  chain,  ex- 

nding  from  the  end  of  the  piston  rod,  and  playing  upon  the 
head  of  the  beam.     In  the  double-acting  engine,  how- 
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ever,  the  force  of  the  steam  pressing  the  piston  upwards 
must  likewise  be  transmitted  to  the  beam,  so  as  to  drive  the 
latter  upwards  while  the  piston  ascends.  This  action  could 
not  be  accomplished  by  a  chain  connecting  the  piston  with 
the  arch  head  of  the  beam. 

Where  the  mechanical  action  to  be  transmitted  is  a  pull, 
and  not  a  push,  a  flexible  chain,  cord,  or  strap,  is  sufficient ; 
but  if  a  push  or  thrust  is  required  to  be  transmitted,  then 
the  flexibility  of  the  medium  of  mechanical  communication 
afforded  by  a  chain  renders  it  inapplicable.  In  the  double- 
acting  engine,  during  the  descent,  the  piston  rod  still  pulls 
the  beam  down  ;  and  so  far  a  chain  connecting  the  piston 
;rod  with  the  beam  would  be  suflacient  to  transmit  the  action 
of  the  one  to  the  other  ;  but  in  the  ascent,  the  beam  no 
longer  pulls  up  the  piston  rod,  but  is  pushed  up  by  it.  A 
chain  from  the  piston  rod  to  the  arch  head,  as  described  in 
the  single-acting  engine,  would  fail  to  transmit  this  force. 
If  such  a  chain  were  used  with  the  double  engine,  where 
there  is  no  counterweight  on  the  opposite  end  of  the  beam, 
the  consequence  would  be,  that  in  the  ascent  of  the  piston 
the  chain  would  slacken,  and  the  beam  would  still  remain 
depressed.  It  is  therefore  necessary  that  some  other 
mechanical  connection  be  contrived  between  the  piston 
rod  and  the  beam,  of  such  a  nature  that  in  the  descent  the 
piston  rod  may  pull  the  beam  down,  and  may  push  it  up  in 
the  ascent. 

Watt  first  proposed  to  effect  this  by  attaching  to  the  end 
of  the  piston  rod  a  straight  rack,  faced  with  teeth,  which 
should  work  in  corresponding  teeth  raised  on  the  arch  head 
of  the  beam,  as  represented  in  Jig.  30.     If  his  improved 
Fi    30      steam  engines  required  no  further  precision  of 
operation  and  construction  than  the  atmospheric 
engines,  this  miglit  have  been  sufficient  ;  but  in 
these  engines  it  was  indispensably  necessary  that 
the  piston  rod  should  be  guided  with  a  smooth  and 
even  motion  through  the  stuffing  box  in  the  top 
of  the  cylinder,  otherwise  any  shake  or  irregu-  ; 
larity  would  cause  it  to  work  loose  in  the  stuflSng  I 
box,   and  either  to  admit  the  air,  or  to  let  the  1 
steam  escape.     Under  these  circumstances,  the  motion  of  | 
the  rack  and  toothed  arch  head  were  inadmissible,  since  it  ■ 
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was  impossible  by  such  means  to  impart  to  the  piston  rod  that 
smooth  and  equable  motion  which  was  requisite.  Another 
contrivance  which  occurred  to  "Watt  was,  to  attach  to  the 
top  of  the  piston  rod  a  bar,  which  should  extend  above  the 
beam,  and  to  use  two  chains  or  straps,  one  extending  from 
the  top  of  the  bar  to  the  lower  end  of  the  arch  head,  and  the 
other  from  the  bottom  of  the  bar  to  the  upper  end  of  the 
arch  head.  By  such  means  the  latter  strap  would  pull  the 
beam  down  when  the  piston  would  descend,  and  the  former 
would  pull  the  beam  up  when  the  piston  would  ascend. 
These  contrivances,  however,  were  superseded  by  the  cele- 
brated mechanism  since  called  the  Parallel  Motion,  one  of 
the  most  ingenious  mechanical  combinations  connected  with 
the  history  of  the  steam  engine. 

(78.)  Explanation  of  its  mechanism. — It  will  be  observed 
that  the  object  was  to  connect  by  some  inflexible  means  the 
end  of  the  piston  rod  with  the  extremity  of  the  beam,  and  so 
to  contrive  the  mechanism,  that  while  the  end  of  the  beam 
would  move  alternately  up  and  down  in  part  of  a  circle,  the 
end  of  the  piston  rod  connected  with  the  beam  should  move 
up  and  down  in  a  straight  line.  If  the  end  of  the  piston 
rod  were  fastened  upon  the  end  of  the  beam  by  a  pivot 
without  any  other  connection,  it  is  evident  that,  being  moved 
up  and  down  in  the  arc  of  a  circle,  it  would  be  drawn  to 
the  left  and  the  right  alternately,  and  would  consequently 
either  be  broken  or  bent,  or  would  work  loose  in  the  stuffing 
box.  Instead  of  connecting  the  end  of  the  rod  immediately 
with  the  end  of  the  beam  by  a  pivot,  Watt  proposed  to  con- 
nect them  by  certain  moveable  rods,  so  arranged  that,  as  the 
end  of  the  beam  would  move  up  and  down  in  the  circular 
arc,  the  rods  would  so  accommodate  themselves  to  that  mo- 
tion, that  the  end  connected  with  the  piston  rod  should  not 
be  disturbed  from  its  rectilinear  course. 

To  explain  the  principle  of  the  mechanism  called  the 
parallel  motion,  let  us  suppose  that  o  p  (^g.  31.)  is  a  rod  or 
lever  moveable  on  a  centre  o,  and  that  the  end  p  of  this  rod 
shall  move  through  a  circular  arc  p  p'  p"  p'"  in  a  vertical 
plane,  and  let  its  play  be  limited  by  two  stops  s,  which  shall 
prevent  its  ascent  above  the  point  p,  and  its  descent  below 
the  point  p'".     Let  the  position  of  the  rod  and  the  limitation 
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of  its  play  be  such  that  the  straight  line  A  b  drawn  through 
p  and  p'",  the  extreme  positions  of  the  lever  o  p.  shall  be  a 
vei'tical  line. 


Fig.  31. 
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Lei  o  be  a  point  on  the  other  side  of  the  vertical  line  a  b, 
and  let  the  distance  of  O  to  the  right  of  A  b  be  the  same  as 
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the  distance  of  o  to  the  left  of  A  B.  Let  o  />  be  a  rod  equal 
in  length  to  o  p,  moving  like  o  p  on  the  centre  o,  so  that  its 
extremity^  shaU  play  upwards  and  downwards  through  the 
QIC  p  p'  p"  p'",  its  play  being  limited  in  like  manner  by 
stops  s. 

Now,  let  us  suppose  that  the  ends  p  />  of  these  two  rods 
are  joined  by  a  link  p  /),  the  connection  being  made  by  a 
pivot,  so  that  the  angles  formed  by  the  link  and  the  rods 
shall  be  capable  of  changing  their  magnitude.  This  link 
will  make  the  motion  of  one  rod  depend  on  that  of  the  other, 
since  it  will  preserve  their  extremities  P  p  always  at  the 
same  distance  from  each  other.  If,  therefore,  we  suppose 
the  rod  o  p  to  be  moved  to  the  position  o  p"',  its  extremity 
p  tracing  the  arc  p  p'  p"  p'",  the  link  connecting  the  rods 
will  at  the  same  time  drive  the  extremity  p  of  the  rod  o  p 
through  the  arc  p  p'  p"  p"\  so  that  when  the  extremity  of 
the  one  rod  arrives  at  p'",  the  extremity  of  the  other  rod  will 
arrive  at  p'".  By  this  arrangement,  in  the  simultaneous 
motion  of  the  rods,  whether  upwards  or  downwards,  through 
the  circular  arcs  to  which  their  play  is  limited,  the  ex- 
tremities of  the  link  joining  them  will  deviate  from  the 
vertical  line  A  B  in  opposite  directions.  At  the  limits  of 
their  play,  the  extremities  of  the  link  will  always  be  in  the 
line  A  b;  but,  in  all  intermediate  positions,  the  lower  ex- 
tremity of  the  link  will  be  to  the  right  of  A  B,  and  its  upper 
extremity  to  the  left  of  A  b.  So  far  as  the  derangement  of 
the  lower  extremity  of  the  link  is  concerned,  the  matter 
composing  the  link  would  be  transferred  to  the  right  of  a  b, 
and  so  far  as  the  upper  extremity  of  the  link  is  concerned, 
the  matter  composing  it  would  be  transferred  to  the  left 
of  A  B. 

By  the  combined  effects  of  these  contrary  derangements  of 
the  extremities  of  the  link  from  the  vertical  line,  it  might 
be  expected  that  a  point  would  exist,  in  the  middle  of  the 
link,  where  the  two  contrary  derangements  would  neutralise 
each  other,  and  which  point  would  therefore  be  expected  to 
be  disturbed  neither  to  the  right  nor  to  the  left,  but  to  be 
moved  upwards  and  downwards  in  the  vertical  line  A  b. 
Such  is  the  principle  of  the  pai-allel  motion;  and  in  fact  the 
middle  point  of  the  link  will  move  for  all  practical  purposes 
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accurately  in  the  vertical  line  A  b,  provided  that  the  angular 
play  of  the  levers  o  p  and  o  jo  do  not  exceed  a  certain 
limit,  within  which,  in  practice,  their  motion  may  always  be 
restrained. 

To  trace  the  motion  of  the  middle  point  of  the  link  more 
minutely,  let  p  p'  p"  p'"  be  four  positions  of  the  lever  o  p, 
and  let  p  p'  p"  p'"  be  the  four  corresponding  positions  of  the 
lever  o  p.  In  the  positions  o  f,  o  p,  the  link  will  take  the 
position  F p,  in  which  the  entire  link  will  be  vertical,  and  its 
middle  point  x  will  therefore  be  in  the  vertical  line  A  b. 

When  the  one  rod  takes  the  position  o  p',  the  other  rod 
will  have  the  position  op' ;  and  the  link  will  have  the  posi- 
tion p'  p'.  The  middle  point  of  the  link  will  be  at  x',  which 
w411  be  found  to  be  on  the  vertical  line  A  b.  Thus  one  half 
of  the  link  p'  x'  will  be  to  the  left  of  the  vertical  line  A  b  ; 
while  the  other  half,  p'  x',  will  be  to  the  right  of  the  vertical 
line ;  the  derangement  from  the  vertical  line  aflfecting  each 
half  of  the  link  in  contrary  directions. 

Again,  taking  the  one  rod  in  the  position  o  f",  the  cor- 
responding position  of  the  other  rod  will  be  o  p",  and  the 
position  of  the  link  will  be  f"  p" .  If  the  middle  point  of  the 
link  in  this  position  be  taken,  it  will  be  found  to  be  at  x" ,  on 
the  vertical  line  A  b  ;  and,  as  before,  one  half  of  the  link 
p"  a;"  will  be  thrown  to  the  left  of  the  vertical  line,  while 
the  other  half />"  x"  will  be  thrown  to  the  right  of  the  ver- 
tical line. 

Finally,  let  the  one  rod  be  in  its  lowest  position,  o  f'", 
while  the  other  rod  shall  take  the  corresponding  position, 
op'".  The  direction  of  the  link  p'"  j»'"  will  now  coincide 
with  the  vertical  line  ;  and  its  middle  point  x'"  will  there- 
fore be  upon  that  line.  The  previous  derangement  of  the 
extremities  of  the  rod,  to  the  right  and  to  the  left,  are  now 
redressed,  and  all  the  parts  of  the  rod  have  assumed  the 
vertical  position. 

It  is  plain,  therefore,  that  by  such  means  the  alternate 
motion  of  a  point  such  as  p  or  jo,  upwards  and  downwards 
in  a  circular  arc,  may  be  made  to  produce  the  alternate 
motions  of  another  point  x,  upwards  and  downwards  in  a 
straight  line. 

(79.)  How  it  guides  the  air-pump  rod Although  the 


INTEXTIOX  OF  PARALLEL  MOTIOX. 


129 


guidance  of  the  air-pump  rod  in  a  true  vertical  line  is  not  so 
necessary  as  that  of  the  steam  piston,  since  the  air-pump 
piston  is  always  brought  down  by  its  own  weight  and  that 
of  its  rod  ;  nevertheless,  by  a  slight  addition  to  the  mecha- 
nical contrivance  which  has  been  just  described,  Watt  ob- 
tained the  means  of  at  once  preserving  the  true  rectilinear 
motion  of  both  piston  rods. 

Let  the  lever  represented  by  o  p  in  fig.  31.  be  conceived 
to  be  prolonged  to  twice  its  length,  as  represented  in^?^.  32., 


so  that  o  p'  shall  be  twice  O  p.  Let  the  points  vp  be  connected 
by  a  link  as  before.  Let  a  link  p'  x,  equal  in  length  to  the 
link  p  /),  be  attached  to  the  point  p',  and  let  the  extremity  t! 
of  this  link  be  connected  with  the  point />  by  another  link  xf  p, 
equal  in  length  to  p  p',  by  pivots  at  x'  and  p,  so  that  the  figure 
p  p'  x'  p  shall  be  a  jointed  parallelogram,  the  angles  of  which 
will  be  capable  of  altering  their  magnitude  with  every  change 
of  position  of  the  rods  o  p  and  o  p.  Thus,  when  the  rod  o  P 
descends,  the  angles  of  the  parallelogram  at  p  and  x'  will  be 
diminished  in  magnitude,  while  the  angles  at  p'  and  p  wiU  be 
increased  in  magnitude.  Now,  let  a  line  be  conceived  to  be 
drawn  from  o  to  x'.  It  is  evident  that  that  line  wiU  pass 
through  the  middle  point  of  the  link  p  p,  for  the  triangle 
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o  P  a;  is  in  all  respects  similar  to  the  greater  ti'iangle  o  p'  x' 
only  on  half  the  scale,  so  that  every  side  of  the  one  is  half 
the  corresponding  side  of  the  other.  Therefore  p  a:*  is  half 
the  length  of  p'  x' ;  but  p'  x'  was  made  equal  to  P  />,  and 
therefore  /)  a?  is  half  of  p  j»,  that  is  to  say,  x  is  the  middle 
point  of  p  p. 

It  has  been  already  shown,  that  in  the  alternate  motion  of 
the  i"ods  op,  OP  in  ascending  and  descending,  the  point  x  is 
moved  upwards  and  downwards  in  a  true  vertical  line.  Now 
since  the  triangle  ov  x  is  in  all  respects  similar  to  o  p'  x', 
and  subject  to  a  similar  motion  during  the  ascent  and  de- 
scent of  the  rods,  it  is  apparent  that  the  point  sf  must  be 
subject  to  a  motion  in  all  respects  similar  to  that  which 
a^ects  the  point  x,  except  that  the  point  x'  will  move  through 
double  the  space.  In  fact,  the  principle  of  the  mechanism  is 
precisely  similar  to  that  of  the  common  pantograph,  where 
two  rods  are  so  connected  as  that  the  motion  of  the  one 
governs  the  motion  of  the  other,  so  that  whatever  line  or 
figure  may  be  described  by  one,  a  similar  line  or  figure  must 
be  described  by  the  other.  Since,  then,  the  point  x  is  moved 
upwards  and  downwards  in  a  vertical  straight  line,  the  point 
x'  will  also  be  moved  in  a  vertical  straight  line  of  double  the 
length. 

If  such  an  arrangement  of  mechanism  as  has  been  here 
described  can  be  connected  with  the  beam  of  the  steam 
engine,  so  that  while  the  point  x'  is  attached  to  the  top  of 
the  steam  piston,  and  the  space  through  which  it  ascends  and 
descends  shall  be  equal  to  the  length  of  the  stroke  of  that 
piston,  the  point  x  shall  be  attached  to  the  rod  of  the  air- 
pump  piston,  the  stroke  of  the  latter  being  half  that  of  the 
steam  piston,  then  the  points  x'  and  x  will  guide  the  motion 
of  the  two  pistons  so  as  to  preserve  them  in  true  vertical 
straight  lines. 

The  manner  in  which  these  ideas  are  reduced  to  practice 
admits  of  easy  explanation  :  let  the  point  o  be  the  centre  of 
the  great  working  beam,  and  let  o  p'  be  the  arm  of  the  beam 
on  the  side  of  the  steam  cylinder.  Let  p  be  a  pivot  upon  the 
beam,  at  the  middle  point  between  its  centre  o  and  its  extre- 
mity p';  and  let  the  links  Pp,  p'  x',  and  p  j»  be  jointed 
together,  as  already  described.     Let  the  point  or  pivot  o  be 


ji 


INVENTION  OF  PARALLEL  MOTION.  131 

attached  to  some  part  of  the  fixed  framing  of  the  engine  or 
engine-house,  and  let  the  rod  o  p,  equal  to  half  the  arm  of 
tlie  beam,  be  attached  by  a  pivot  to  the  corner  of  the  parallelo- 
gram at  p.  Let  the  end  of  the  steam  piston  rod  be  attached 
to  the  comer  of  the  parallelogram  x',  and  let  the  end  of  the 
air-pump  be  attached  to  the  middle  point  x  of  the  link  p  p ; 
by  which  arrangement  it  is  evident  that  the  rectilinear 
motion  of  the  two  piston  rods  will  be  rendered  compatible 
with  the  alternate  circular  motions  of  the  points  p'  and  p  on 
the  beam. 

(80.)  Extreme  beauty  of  this  mechanism.  —  Among  the 
many  mechanical  inventions  produced  by  the  fertile  genius 
of  Watt,  there  is  none  which  has  excited  such  universal, 
such  unqualified,  and  such  merited  admiration  as  that  of  the 
parallel  motion.  It  is  indeed  impossible,  even  for  an  eye 
unaccustomed  to  view  mechanical  combinations,  to  behold 
the  beam  of  a  steam  engine  moving  the  pistons,  through  the  • 
instrumentality  of  the  parallel  motion,  without  an  instinctive 
feeling  of  pleasure  at  the  unexpected  fulfilment  of  an  end  by 
means  having  so  little  apparent  connection  with  it.  When 
this  feeling  was  expressed  to  Watt  himself,  by  those  who 
first  beheld  the  performance  of  this  exquisite  mechanism,  he 
exclaimed  with  his  usual  vivacity,  that  he  himself,  when  he 
first  beheld  his  own  contrivance  in  action,  was  affected  by 
the  same  sense  of  pleasure  and  surprise  at  its  regularity  and 
precision.  He  said  that  he  received  from  it  the  same  species 
of  enjoyment  that  usually  accompanies  the  first  view  of  the 
successful  invention  of  another  person. 

"  Among  the  parts  composing  the  steam  engine,  you  have 
doubtless,"  says  M.  Arago,  "observed  a  certain  articulated 
parallelogram.  At  each  ascent  and  descent  of  the  piston,  its 
angles  open  and  close  with  the  sweetness — I  had  almost  said 
with  the  grace  —  which  charms  you  in  the  gestures  of  a  con- 
summate actor.  Follow  with  your  eye  alternately  the  pro- 
gress of  its  successive  changes,  and  you  will  find  them  subject 
to  the  most  curious  geometrical  conditions.  You  will  see, 
that  of  the  four  angles  of  the  jointed  parallelogram,  three 
describe  circular  arcs,  but  the  fourth,  which  holds  the  piston 
rod,  is  moved  nearly  in  a  straight  line.     The  immense  utility 
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of  this  result  strikes  mechanicians  with  even  less  force  than 
the  simplicity  of  the  means  by  which  Watt  has  attained  it." 

(81.)   Operation  of  the  crank.  —  By  the  contrivance  which 
has  been  explained  above,  the  force  of  the  piston  in  ascending 

H  and     descending 

would  be  con- 
veyed to  the 
working  end  of 
the  beam ;  and 
the  next  problem 
which  Watt  had 
to  solve  was,  to 
produce  by  the 
force  exerted  by 
the  working  end 
of  the  beam  in 
ascending  and 
descending  a 
continuous  mo- 
tion of  rotation. 
In  the  first  in- 
stance he  pro- 
posed to  accom- 
plish this  by  a 
crank  placed 
upon  the  axle  to 
which  rotation 
was  to  be  im- 
parted, and 
driven  by  a  rod 
connecting  it 
with  the  v/ork- 
ing  end  of  the 
beam.  Let  k 
{fig.  33.)  be  the 
centre,  to  which 
motion  is  to  be 
imparted  by  the  working  end  h  of  the  beam.  On  the  axle  k 
suppose  a  short  lever  k  i  to  be  fixed,  so  that  when  k  i  is 
turned  round  the  centre  k,  the  axle  must  turn  with  it.     Let 
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aa  iron  rod,  the  weight  of  which  shall  balance  the  piston 
and  piston  rod  at  the  other  end  of  the  beam,  be  connected 
by  joints  with  the  working  end  H  of  the  beam,  and  the  ex- 
tremity 1  of  the  lever  k  i.  As  the  end  H  of  the  beam  is 
moved  upwards  and  downwards,  the  lever  K  i  will  be  turned 
round  tlie  centre  K,  taking  successively  the  positions  repre- 
sented by  faint  lines  in  the  figure  ;  and  thus  a  motion  of  con- 
tinued rotation  will  be  imparted  to  the  axle  k. 

This  simple  and  effectual  expedient  of  producing  a  con- 
tinued rotatory  motion  by  a  crank  was  abandoned  by  Watt, 
as  already  explained,  by  reason  of  a  patent  having  been  ob- 
tained upon  information  of  his  experiments  surreptitiously 
procured.  To  avoid  litigation,  he  therefore  substituted  for 
the  crank  the  sun-and-planet  wheel  already  described  ;  but  at 
the  expiration  of  the  patent,  which  restricted  the  use  of  the 
crank,  the  sun-and-planet  wheel  was  discontinued  in  Watt's 
engine,  and  the  crank  restored. 

(82.)  Inconvenience  arising  from  the  inequality  of  its 
action.  —  Whether  the  crank  or  the  sun-and-planet  wheel  be 
used,  there  is  still  a  difficulty  in  the  maintenance  of  a  regular 
motion  of  rotation.  In  the  various  positions  which  the  crank 
and  connecting  rod  assume  throughout  a  complete  revolution, 
there  are  two  in  which  the  moving  power  loses  all  influence 
in  impelling  the  crank.  These  positions  are  those  which  the 
crank  assumes  when  the  piston  is  at  the  top  and  bottom  of 
the  cylinder,  and  is  just  about  to  change  the  direction  of  its 
motion.  AVhen  the  piston  is  at  the  bottom  of  the  cylinder, 
the  pivot  1  (Jig.  33.),  by  which  the  connecting  rod  H  i  is  at- 
tached to  the  end  of  the  crank,  is  immediately  over  the  axle 
K  of  the  crank,  and  imder  the  pivot  H,  which  joins  the  upper 
end  of  the  connecting  rod  with  the  beam.  In  fact,  in  this 
position  the  connecting  rod  and  crank  are  in  the  same  straight 
line,  extending  from  the  end  of  the  beam  to  the  axle  of  the 
crank.  The  steam,  on  entering  the  cylinder  below  the  piston, 
and  pressing  it  upwards,  would  produce  a  corresponding 
downward  force  on  the  connecting  rod  at  h,  which  would  be 
continued  along  the  connecting  rod  and  crank  to  the  axle  K. 
It  is  evident  that  such  a  force  could  have  no  tendency  to  turn 
the  crank  round,  but  would  expend  its  whole  energy  in 
pressing  the  axle  K  downwards. 
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The  otlier  position  in  which  tlie  power  loses  its  eifect  upon 
the  crank  is  when  the  piston  is  at  the  top  of  the  cylinder.  In 
this  case,  the  working  end  of  the  beam  will  be  at  the  lowest 
point  of  its  play,  and  the  crank  pin  i  will  be  immediately 
below  the  axle  k  ;  so  that  k  will  be  placed  immediately  be- 
tween H  and  I.  When  the  steam  presses  on  the  top  of  the 
piston,  it  will  expend  its  force  in  drawing  the  end  h  of  the 
connecting  rod  upwards,  by  which  the  crank  pin  i  will  like- 
wise be  drawn  upwards.  It  is  evident  that  this  force  can  have 
no  effect  in  turning  the  crank  round,  but  will  expend  its  whole 
energy  in  producing  an  upward  strain  on  the  axle  K. 

If  the  crank  were  absolutely  at  rest  in  either  of  the  positions 
above  described,  it  is  apparent  that  the  engine  could  not  be 
put  in  motion  by  the  steam ;  but  if  the  engine  has  been  pre- 
viously in  motion,  then  the  mass  of  matter  forming  the  crank, 
and  the  axle  on  which  the  crank  is  formed,  having  already 
had  a  motion  of  rotation,  will  have  a  tendency  to  preserve 
the  momentum  it  has  received,  and  this  tendency  will  be 
sufficient  to  throw  the  crank  k  i  out  of  either  of  those  critical 
positions  which  have  been  described.  Having  once  escaped 
these  dead  points,  then  the  connecting  rod  forming  an  angle, 
however  obtuse  or  acute,  with  the  crank,  the  pressure  or  pull 
upon  the  former  will  have  a  tendency  to  produce  rotation  in 
the  latter.  As  the  crank  revolves,  however,  the  influence  of 
the  connecting  rod  upon  it  will  vary  according  to  the  angle 
formed  by  the  connecting  rod  and  crank.  When  that  angle 
is  a  right  angle,  then  the  effect  of  the  connecting  rod  on  the 
crank  is  greatest,  since  the  force  upon  it  has  the  advantage 
of  the  whole  leverage  of  the  crank  ;  but  according  as  the 
angle  formed  by  the  crank  and  connecting  rod  becomes  more 
or  less  acute  or  obtuse  in  the  successive  attitudes  which  they 
assume  in  the  revolution  of  the  crank,  the  influence  of  the 
connecting  rod  over  the  crank  varies,  changing  from  nothing 
at  the  two  dead  points  already  described,  to  the  full  effect 
produced  in  the  two  positions  where  they  are  at  right  angles. 
In  consequence  of  this  varying  leverage,  by  which  the  force 
with  which  the  connecting  rod  is  driven  by  the  steam  is 
transmitted  to  the  axle  on  which  the  crank  revolves,  a  cor- 
responding variation  of  speed  would  necessarily  be  produced 
in  the  motion  imparted  to  the  crank.    The  speed  at  the  dead 
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points  would  be  least,  being  due  altogether  to  the  momentum 
already  imparted  to  the  revolving  mass  of  the  crank  and  axle  ; 
and  it  would  gradually  increase  and  be  greatest  at  the  points 
where  the  effect  of  the  crank  on  the  connecting  rod  is  greatest. 
Although  this  change  of  speed  would  not  affect  the  actual  me- 
chanical efficacy  of  the  machine,  and  although  the  same  quan- 
tity of  steam  would  perform  the  same  work  at  the  varying 
velocity  as  it  would  do  if  the  velocity  were  regulated,  yet 
this  variation  of  speed  would  be  incompatible  with  the  pur- 
poses to  which  it  was  now  proposed  that  the  steam  engine 
should  be  applied  in  manufactures.  In  these  a  regular  uni- 
form motion  should  be  imparted  to  the  main  axle. 

(83.)  Application  of  the  Jiy-wheel.  —  One  of  the  expe- 
dients which  Watt  proposed  for  the  attainment  of  this  end 
was,  by  placing  two  cranks  on  the  same  axle,  in  different 
positions,  to  be  worked  by  different  cylinders,  so  that  while 
one  crank  should  be  at  its  dead  points,  the  other  should  be 
in  the  attitude  most  favourable  for  its  action.  This  expedient 
has  since,  as  we  shall  see,  been  carried  into  effect  in  steam 
vessels  ;  but  one  more  simple  and  efficient  presented  itself  in 
the  use  of  z.Jiy -wheel. 

On  the  main  axle  driven  by  the  crank  Watt  placed  a  large 
wheel  of  metal,  as  represented  '\nfig.  39.,  called  a.  Jiy-wheel. 
This  wheel  being  well  constructed,  and  nicely  balanced  on  its 
axle,  was  subject  to  very  little  resistance  from  friction ;  any 
moving  force  which  it  would  receive  it  would,  therefore,  re- 
tain, and  would  be  ready  to  impart  such  moving  force  to  the 
main  axle  whenever  that  axle  ceased  to  be  driven  by  the 
power.  When  the  crank,  therefore,  is  in  those  positions  in 
which  the  action  of  the  jxiwer  upon  it  is  most  efficient,  a 
portion  of  the  energy  of  the  power  is  expended  in  increasing 
the  velocity  of  the  mass  of  matter  composing  the  fly-wheel. 
As  the  crank  approaches  the  dead  points,  the  effect  of  the 
moving  power  upon  the  axle  and  upon  the  crank  is  gradually 
enfeebled,  and  at  these  points  vanishes  altogether.  The  mo- 
mentum which  has  been  imparted  to  the  fly-wheel  then  comes 
into  play,  and  carries  forward  the  axle  and  crank  out  of  the 
deatl  points  with  a  velocity  very  little  less  than  that  which  it 
had  when  the  crank  was  in  the  most  favourable  position  for 
receiving  the  action  of  the  moving  power. 
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By  this  expedient,  the  motion  of  revolution  received  by 
the  axle  from  the  steam  piston  is  subject  to  no  other  variation 
than  just  the  amount  of  change  of  momentum  in  the  great 
mass  of  the  fly-wheel,  which  is  sufficient  to  extricate  the 
crank  twice  in  every  revolution  from  the  mechanical  di- 
lemma to  which  its  peculiar  form  exposes  it  ;  and  this 
change  of  velocity  may  be  reduced  to  as  small  an  amount  as 
can  be  requisite  by  giving  the  necessary  weight  and  magni- 
tude to  the  fly-wheel. 

(84.)  Method  of  varying  the  intensity  of  the  moving  power. 
—  Throttle  valve.  —  By  such  arrangements  the  motion  im- 
parted to  the  main  axle  k  would  be  uniform,  provided  that 
the  moving  power  of  the  engine  be  always  pi-oportionate  to 
the  load  which  it  drives.  But  in  the  general  application  of 
the  steam  engine  to  manufactures,  it  was  evident  that  the 
amount  of  the  resistance  to  which  any  given  machine  would 
be  subject  must  be  liable  to  variation.  If,  for  example,  the 
engine  drive  a  cotton-mill,  it  will  have  to  impart  motion  to 
all  the  spinning  frames  in  that  mill.  The  operation  of  one 
or  more  of  these  may  from  time  to  time  be  suspended,  and* 
the  moving  power  would  be  relieved  from  a  corresponding 
amount  of  resistance.  If,  under  such  circumstances,  the 
energy  of  the  moving  power  remained  the  same,  the  velocity 
with  which  the  machines  would  be  driven  would  be  subject 
to  variation,  being  increased  whenever  the  operation  of  any 
portion  of  the  machines  usually  driven  by  it  is  suspended ; 
and,  on  the  other  hand,  diminished  when  any  increased 
number  of  machines  are  brought  into  operation.  In  fine, 
the  speed  would  vary  nearly  in  the  inverse  proportion  of  the 
load  driven,  increasing  as  the  load  is  diminished,  and  vice 
versa. 

On  the  other  hand,  supposing  that  no  change  took  place  in 
the  amount  of  the  load  driven  by  the  engine,  and  that  the 
same  number  of  machines  of  whatever  kind  would  have  to  be 
continually  driven,  the  motion  imparted  to  the  main  axle 
would  still  be  subject  to  variation  by  the  changes  inevitable 
to  the  moving  power.  The  piston  of  the  engine  being  subject 
to  an  unvaried  resistance,  a  uniform  motion  could  only  be  im- 
parted to  it,  by  maintaining  a  corresponding  uniformity  in 
the  impelling  power.     This  would  require  a  uniform  supply 
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r  steam  from  the  boiler,  which  would  further  imply  a  uniform 
ite  of  evaporation  in  the  boiler,  unless  means  were  provided 
\  the  admission  of  steam  from  the  boiler  to  the  cylinder  to 
revent  any  excess  of  steam  which  might  be  produced  in  the 
)iler  from  reaching  the  cylinder. 

This  end  was  attained  by  a  contrivance  afterwards  called 
le  throttle  valve.   An  axis  a  b  {Jigs.  34,  35.)  was  placed  across 


Fig.  34. 


the  steam  pipe  in  a  ring  of  cast  iron  d  e, 
of  proper  thickness.  On  this  axis  was 
fastened  a  thin  circular  plate  x,  of 
nearly  the  same  diameter  as  the  steam 
pipe.  On  the  outer  end  b  of  this  axle 
was  placed  a  short  lever  or  handle  b  c, 
by  which  it  could  be  turned.  When 
the  circular  plate  t  was  turned  into 
such  a  position  as  to  be  at  right  angles 
to  the  length  of  the  tube,  it  stopped  the 
passage  within  the  tube  altogether,  so 
that  no  steam  could  pass  from  the 
B  boiler  to  the  engine.  On  the  other 
hand,  when  the  handle  was  turned 
through  a  fourth  of  a  revolution  from 
this  position,  then  the  circular  plate  T 
ad  its  plane  in  the  direction  of  the  length  of  the  tube,  so 
lat  its  edge  would  be  presented  towards  the  current  of 
earn  flowing  from  the  boiler  to  the  cylinder.  In  that  po- 
tion the  passage  within  the  tube  would  be  necessarily  un- 
bstructed  by  the  throttle  valve.  In  intermediate  positions 
f  the  valve,  as  that  represented  in  Jigs.  34,  35.,  the  passage 
light  be  left  more  or  less  opened,  so  that  steam  from 
le  boiler  might  be  admitted  to  the  cylinder  in  any  regulated 
uantity  according  to  tlie  position  given  to  the  lever  b  c. 
A  view  of  the  throttle  valve  taken  by  a  section  across  the 
:eam  pipe  is  exhibited  in^^r.  35,,  and  a  section  of  it  through 
le  axis  of  the  steam  pipe  is  represented  in  Jig.  34.  The 
)rra  of  the  valve  is  such,  that,  if  accurately  constructed,  the 
;eam  in  passing  from  the  boiler  would  have  no  effect  by  its 
ressure  to  alter  any  position  which  might  be  given  to  the 
alve  ;  and  any  slight  inaccuracy  of  form  which  might  give 
tendency  to  the  steam  to  alter  the  position  would  be  easily 
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counteracted  by  the  friction  of  the  valve  upon  its  axle.     The 
latter  might  be  regulated  at  pleasure. 

By  this  expedient,  however  the  evaporation  of  water  in  the 
boiler  might  vary  within  practical  limits,  the  supply  of  steam 
to  the  cylinder  would  be  rendered  regular  and  uniform.  If 
the  boiler  became  too  active,  and  produced  more  steam  than 
was  necessary  to  move  the  engine  with  its  load  at  the  requi- 
site speed,  then  the  throttle  valve  was  shifted  so  as  to  contract 
the  passage  and  limit  the  supply  of  steam.  If,  on  the  other 
hand,  the  process  of  evaporation  in  the  boiler  was  relaxed, 
then  the  throttle  valve  was  placed  with  its  edge  more 
directed  towards  the  steam.  Independently  of  the  boiler, 
if  the  load  on  the  engine  was  lightened,  then  the  same  supply 
of  steam  to  the  cylinder  would  unduly  accelerate  the  motion. 
In  this  case,  likewise,  the  partial  closing  of  the  throttle  valve 
would  limit  the  supply  of  steam  and  regulate  the  motion ; 
and  if,  on  the  other  hand,  the  increase  of  load  upon  the 
engine  rendered  necessary  an  increased  supply  of  steam,  then 
the  opening  of  the  throttle  valve  would  accomplish  the  pur- 
pose. By  these  means,  therefore,  a  uniform  motion  might 
be  maintained,  provided  the  vigilance  of  the  engine-man  was 
suiRcient  for  the  due  management  of  the  lever  b  c,  and  pro- 
vided that  the  furnace  under  the  boiler  was  kept  in  sufficient 
activity  to  supply  the  greatest  amount  of  steam  which  would 
be  necessary  for  the  maintenance  of  a  uniform  motion  with 
the  throttle  valve  fully  opened. 

(85.)  Contrivance  to  render  the  throttle  valve  self-acting, 
—  The  governor. — "Watt,  however,  soon  perceived  that  the 
proper  manipulation  of  the  lever  b  c  would  be  impracticable 
with  any  degree  of  vigilance  and  skill  which  could  be  obtained 
from  the  persons  employed  to  attend  the  engine.  He,  there- 
fore, adapted  to  this  purpose  a  beautiful  application  of  a  piece 
of  mechanism,  which  had  been  previously  used  in  the  regu- 
lation of  mill-work,  and  which  has  since  been  well  known 
by  the  name  of  the  governor,  and  has  always  been  deservedly 
a  subject  of  much  admiration. 

The  governor  is  an  apparatus  by  which  the  axle  of  the 
fly-wheel  is  made  to  regulate  the  throttle  valve,  so  that  the 
moment  that  the  axle  begins  to  increase  its  velocity,  it  shifts 
the  position  of  the  throttle  valve  so  as  to  limit  the  supply  of 
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team  from  the  boiler,  and  thereby  to  check  the  increase  of 
peed.  And  on  the  other  hand,  whenever  the  velocity  of  the 
xle  is  diminished,  the  lever  b  c  is  moved  in  the  contrary 
irection,  so  as  to  open  more  fully  the  passage  for  tlie  steam, 
nd  accelerate  the  motion  of  the  engine. 

A  small  grooved  wheel  A  b  (Jig.  36.)  is  attached  to  a  verti- 
al  spindle  supported  in  pivots  or  sockets  C  and  D,  in  which  it 
3  capable  of  revolving.  An  endless  cord  works  in  the  groove 
.  B,  and  is  carried  over  proper  pulleys  to  the  axle  of  the  fly- 
('heel,  where  it  likewise  works  in  a  groove.  When  this  cord 
5  properly  tightened,  the  motion  of  the  fly-wheel  will  give 
lotion  to  the  wheel  a  b,  so  that  the  velocity  of  the  one  will 
e  subject  to  all  the  changes  incidental  to  the  velocity  of 
lie  other.  By  this  means  the  speed  of  the  grooved  wheel 
.  b  may  be  considered  as  representing  the  speed  of  the  fly- 
wheel, and  of  the  machinery  which  the  axle  of  the  fly-wheel 
rives. 

It  is  evident  that  the  same  end  might  be  attained  by  sub- 
tituting  for  the  grooved  wheel  A  B  a  toothed  wheel,  which 
aight  be  connected  by  other  toothed  wheels,  and  proper 
hafts,  and  axles  with  the  axle  of  the  fly-wheel. 

A  ring  or  collar  e  is  placed  on  the  upright  spindle,  so  as 
0  be  capable  of  moving  freely  upwards  and  downwards.  To 
his  ring  are  attached  by  pivots  two  short  levers,  e  f,  the 
livots  or  joints  at  e  allowing  these  levers  to  play  upon  them. 
V.t  F  these  levers  are  joined  by  pivots  to  other  levers  F  G, 
irhich  cross  each  other  at  H,  where  an  axle  or  pin  passes 
hrough  them,  and  attaches  them  to  the  upright  spindle  c  D. 
Chese  intersecting  levers  are  capable,  however,  of  playing  on 
his  axle  or  pin  h.  To  the  ends  G  of  these  levers  are 
ittached  two  heavy  balls  of  metal  i.  The  levers  f  g  pass 
hrough  slits  in  a  metallic  arc  attached  to  the  upright 
ipindle,  so  as  to  be  capable  of  revolving  upon  it.    If  the  balls 

are  drawn  outwards  from  the  vertical  axis,  it  is  evident  that 
he  ends  F  of  the  levers  will  be  drawn  down,  and  therefore  the 
livots  E  likewise  drawn  down.  In  fact,  the  angles  E  F  H  will 
;>ecome  more  acute,  and  the  angle  F  e  f  more  obtuse.  By 
hese  means  the  sliding  ring  e  will  be  drawn  down.  To  this 
sliding  ring  E,  and  immediately  above  it,  is  attached  a  grooved 
jollar,  which  slides  on  the  vertical  spindle  upwards  and  down- 
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wards  with  the  ring  E.     In  the  grooved  collar  are  inserted 
the  prongs  of  a  fork  k,  formed  at  the  end  of  the  lever  k  l,  the 


Fig.  35. 


fulcrum  or  pivot  of  the  lever  being  at  L.  By  this  arrange- 
ment, when  the  divergence  of  the  balls  i  causes  the  collar  e 
to  be  drawn  down,  the  fork  k,  whose  prongs  are  inserted  in 
the  groove  of  that  collar,  is  likewise  drawn  down ;  and,  on 
the  other  hand,  when  by  reason  of  the  balls  i  falling  towards 
the  vertical  spindle,  the  collar  e  is  raised,  the  fork  k  is  likewise 
raised. 

The  ascent  and  descent  of  the  fork  k  necessarily,  produce 
a  contrary  motion  in  the  other  end  N  of  the  lever.  This 
end  is  connected  by  a  rod,  or  system  of  rods,  with  the  end  ir 
of  the  short  lever  which  works  the  throttle  valve  t.  By 
such  means  the  motion  of  the  balls  i,  towards  or  from  the 
vertical  spindle,  produces  in  the  throttle  valve  a  correspond- 
ing motion ;  and  they  are  so  connected  that  the  divergence 
of  the  balls  i  will  cause  the  throttle  valve  to  close,  while 
their  descent  towards  the  vertical  spindle  will  cause  it  to 
open. 

These  arrangements  being  comprehended,  let  us  suppose 
that,  either  by  reason  of  a  diminished  load  upon  the  engine 
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or  an  increased  activity  of  the  boiler,  the  speed  has  a 
tendency  to  increase.  This  would  impart  increased  velocity 
to  the  grooved  wheel  A  b,  which  would  cause  the  balls  i  to 
revolve  with  an  accelerated  speed.  The  centrifugal  force 
which  attends  their  motion  would  therefore  give  them  a 
tendency  to  move  from  the  axle,  or  to  diverge.  This  would 
cause,  by  the  means  already  explained,  the  throttle  valve  t 
to  be  partially  closed,  by  which  the  supply  of  steam  from 
the  boiler  to  the  cylinder  would  be  diminished,  and  the 
energy  of  the  moving  power,  therefore,  mitigated.  The 
undue  increase  of  speed  would  thereby  be  prevented. 

If,  on  the  other  hand,  either  by  an  increase  of  the  load, 
[)r  a  diminished  activity  in  the  boiler,  the  speed  of  the 
machine  was  lessened,  a  corresponding  diminution  of  velocity 
svould  take  place  in  the  grooved  wheel  a  b.  This  would 
cause  the  balls  i  to  revolve  with  less  speed,  and  the  cen- 
trifugal force  produced  by  their  circular  motion  would  be 
liminished.  This  force  being  thus  no  longer  able  fully  to 
counteract  their  gravity,  they  would  fall  towards  the  spindle, 
kvhich  would  cause,  as  already  explained,  the  throttle  valve 
to  be  more  fully  opened.  This  would  produce  a  more 
imple  supply  of  steam  to  the  cylinder,  by  which  the 
k'elocity  of  the  machine  would  be  restored  to  its  proper 
imount. 

(86.)  Principle  of  the  governor  explained.  —  The  prin- 
ciple which  renders  the  governor  so  perfect  a  regulator  of 
the  velocity  of  the  machine  is  difficult  to  be  explained 
without  having  recourse  to  the  aid  of  the  technical  language 
>f  mathematical  physics.  As,  however,  this  instrument  is  of 
;uch  great  practical  importance,  and  has  attracted  such 
»eneral  admiration,  it  may  be  worth  while  here  to  attempt 
to  render  intelligible  the  mechanical  principles  which  govern 
its  operation.  Let  s  {Jig.  37.)  be  the  point  of  suspension  of 
i  common  pendulum  s  P,  and  let  pop'  be  the  arc  of  its 
ribration,  so  that  the  ball  p  shall  swing  or  vibrate  alter- 
aately  to  the  east  and  to  the  west  of  the  lowest  point  o, 
through  the  arcs  o  p'  and  o  p.  It  is  a  property  of  such  an 
instrument  that,  provided  the  arc  in  which  it  vibrates  be  not 
considerable  in  magnitude,  the  time  of  its  vibration  will  be 
the  same  whether  the  arc  be  long  or  short.     Thus,  for  ex- 
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ample,  if  the  pendulum,  instead  of  vibrating  in  the  arc  p  p', 
vibrated  in  the  arc  p  p',  the  time  which  it  would  take  to 


perform  its  vibrations  would  be  the  same.  If  however, 
the  magnitude  of  the  arc  of  vibration  be  increased,  then 
a  variation  Avill  take  place  in  the  time  of  vibration;  but 
unless  the  arc  of  vibration  be  considerably  increased,  this 
variation  will  not  be  great. 

Now  let  it  be  supposed  that  while  the  pendulum  p  p' 
continues  to  vibrate  east  and  west  through  the  arc  P  p',  it 
shall  receive  such  an  impulse  from  north  and  south  as  would, 
if  it  were  not  in  a  state  of  previous  vibration,  cause  it  to 
vibrate  between  north  and  south,  in  an  arc  similar  to  the 
arc  P  p'.  This  second  vibration  between  north  and  south 
would  not  prevent  the  continuance  of  the  other  vibration 
between  east  and  west;  but  the  ball  p  would  be  at  the 
same  time  affected  by  both  vibrations.  While,  in  virtue  of 
the  vibration  from  east  and  west,  the  ball  would  swing 
from  P  to  p',  it  would,  in  virtue  of  the  other  vibration, 
extend  its  motion  towards  the  north  to  a  distance  from  the 
line  w  E  equal  to  half  a  vibration,  and  will  return  from 
that  distance  again  to  the  position  p'.  While  returning 
from  p'  to  p,  its  second  vibration  will  carry  it  towards 
the  south  to  an  equal  distance  on  the  southern  side  of  w  E, 
and  it  will  return  again  to  the  position  p.  If  the  com- 
bination of  these  two  motions  or  vibrations  be  attentively 
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onsidered,  it  will  be  perceived  that  the  effect  on  the  ball 
rill  be  a  circular  motion,  precisely  similar  to  the  circular 
lotion  of  the  balls  of  the  governor  already  described. 

Now  the  time  of  vibration  of  the  pendulum  s  p  between 
ast  and  west  will  not  in  any  way  be  affected  by  the  second 
ibration,  which  it  is  supposed  to  receive  between  north 
nd  south,  and  therefore  the  time  the  pendulum  takes  in 
loving  from  p  to  p'  and  back  again  from  p'  to  P  will  be 
ae  same  whether  it  shall  have  simultaneously  or  not  the 
ther  vibration  between  north  and  south.  Hence  it  follows 
[lat  the  time  of  revolution  of  the  circular  pendulum  will 
e  equal  to  the  time  of  similar  vibrations  of  the  same  pen- 
ulum,if,  instead  of  having  a  circular  motion,  it  were  allowed 
a  vibrate  in  the  manner  of  a  common  pendulum. 

If  this  point  be  understood,  and  if  it  also  be  remembered 
hat  the  time  of  vibration  of  a  common  pendulum  is  neces- 
arily  the  same  whether  the  arc  of  vibration  be  small  or 
Teat,  it  will  be  easily  perceived  that  the  revolving  pen- 
ulum  or  governor  will  have  nearly  the  same  time  of  re- 
olution,  whether  it  revolve  in  a  large  circle  or  a  small 
ne ;  in  other  words,  whether  the  balls  revolve  at  a  greater 
r  a  less  distance  from  the  central  spindle  or  axis.  This, 
lowever,  is  to  be  understood  only  approximately.  When 
he  angle  of  divergence  of  the  balls  is  as  considerable  as 
t  usually  is  in  governors,  the  time  of  revolution  at  different 
^stances  from  the  axis  will  therefore  be  subject  to  some 
ariation,  but  to  a  very  small  one. 

The  centrifugal  force  (which  is  the  name  given  in  me- 
hanics  to  that  influence  which  makes  a  body  revolving  in  a 
ircle  fly  from  the  centre)  depends  conjointly  on  the  velocity 
f  revolution,  and  on  the  distance  of  the  revolving  body  from 
he  centre  of  the  circle.*  If  the  velocity  of  revolution  be  the 
ame,  then  the  centrifugal  force  will  increase  in  the  same 
(roportion  as  the  distance  of  the  revolving  body  from  the 
entre.  If,  on  the  other  hand,  the  distance  of  the  revolving 
tody  from  the  centre  remain  the  same,  the  centrifugal  force 
rill  increase  in  the  same  proportion  as  the  square  of  the  time 
if  vibration  diminishes,  or,  in  other  words,  it  will  increase  in 
he  same  proportion  as  the  square  of  the  number  of  revolu- 

*  Handbook  of  Nat.  PhiL  First  Series,  p.  148. 
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tions  per  minute.  It  follows  from  this,  therefore,  that  the 
greater  is  the  divergence  of  the  balls  of  the  governor,  and 
the  more  rapidly  they  revolve,  the  greater  will  be  their  cen- 
trifugal force.  Now  this  centrifugal  force,  if  it  were  no1 
counterbalanced,  would  give  the  balls  a  constant  tendency  tc 
recede  from  the  centre ;  but  from  the  construction  of  tht 
apparatus,  the  further  they  are  removed  from  the  centre  th( 
greater  will  be  the  effect  of  their  gravitation  in  resisting  th( 
centrifugal  force. 

It  is  evident  that  the  ball  at  p  will  have  a  greater  tendencj 
to  fall  by  gravitation  towards  o  than  it  would  have  at  p,  be- 
cause the  acclivity  of  the  ai*ch  descending  towards  o  at  p  h 
greater  than  its  acclivity  at  p.  The  gravitation,  therefore,  oi 
tendency  of  the  ball  to  fall  towards  the  central  axis  being 
greater  at  p  than  at  p,  it  will  be  able  to  resist  a  greater  cen- 
trifugal force.  This  increased  centrifugal  force,  which  tht 
ball  would  have  revolving  at  the  distance  p  above  what  it 
would  have  at  the  distance  p,  is  produced  partly  by  the 
greater  distance  of  the  ball  from  the  central  axis,  and  partlj 
by  the  greater  velocity  of  its  motion.  But  it  will  be  evideni 
that  the  time  of  its  revolution  may  nevertheless  be  the  same, 
or  nearly  the  same  at  both  distances.  If  it  should  appear 
that  the  actual  velocity  of  its  motion  of  revolution  at  p  be 
greater  than  its  velocity  at  p,  in  the  same  proportion  as  the 
circles  in  which  they  revolve,  then  it  is  evident  that  the  time 
of  revolution  would  be  as  much  increased  by  the  greater 
space  which  p  will  have  to  travel  over,  as  it  will  have  to  be 
diminished  by  the  greater  speed  with  which  that  space  is 
traversed.  The  time  of  revolution,  therefore,  may  be  the 
same,  or  nearly  the  same,  in  both  cases. 

If  this  explanation  be  comprehended,  it  will  not  be  difficult 
to  apply  it  to  the  actual  case  of  the  governor.  If  a  sudden 
increase  of  the  energy  of  the  moving  power,  or  a  diminution 
of  the  load,  should  give  the  machine  an  increased  velocity, 
then  the  increased  speed  of  the  balls  of  the  governor  will  give 
them  an  increased  centrifugal  force,  which  for  the  moment 
will  be  greater  than  the  tendency  of  their  gravitation  to  make 
them  fall  towards  the  vertical  axis.  This  centrifugal  force, 
therefore,  prevailing,  the  balls  will  recede  from  the  axis  ;  but, 
as  they  recede,  their  gravitation  towards  the  vertical  axis 
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will,  as  has  been  already  explained,  be  increased,  and  will 
become  equal  to  the  centrifugal  force  produced  by  the  in- 
creased velocity,  provided  that  velocity  do  not  exceed  a  cer- 
tain b'mit.  When  the  balls,  by  diverging,  get  such  increased 
gravitation  as  to  balance  the  centrifugal  force,  then  they  will 
continue  to  revolve  at  a  fix^d  distance  from  the  vertical 
axis.  When  this  hap{>ens,  the  time  of  the  revolution  must  be 
nearly  the  same  as  it  was  before  their  increased  divergence; 
in  other  words,  the  proportion  of  the  moving  power  to  the 
load  will  be  so  restored  by  the  action  of  the  levers  of  the 
governor  on  the  throttle  valve  that  the  machine  will  move  at 
its  former  velocity,  or  nearly  so. 

The  principle  on  which  the  governor  acts,  as  just  explained, 
necessarily  supposes  temporary  disarrangements  of  the  speed. 
In  fact,  the  governor,  strictly  speaking,  does  not  maintain 
a  uniform  velocity,  but  restores  it  after  it  has  been  dis- 
turbed. When  a  sudden  change  of  motion  of  the  engine 
takes  place,  the  governor  being  immediately  affected  will 
cause  a  corresponding  alteration  in  the  throttle  valve ;  and 
this  will  not  merely  correct  the  change  of  motion,  but  it  will, 
as  it  were,  overdo  it,  and  will  cause  a  derangement  of  speed 
of  the  opposite  kind.  Thus  if  the  speed  be  suddenly  in- 
creased to  an  undue  amount,  then  the  governor  being  affected 
will  first  close  the  throttle  valve  too  much,  so  as  to  reduce 
the  speed  below  the  proper  limit.  This  second  error  will 
again  affect  the  governor  in  the  contrary  way,  and  the  speed 
will  again  be  increased  rather  too  muck.  In  this  way  a  suc- 
cession of  alternations  of  effect  will  ensue  until  the  governor 
settles  down  into  that  position  in  which  it  will  maintain  the 
engine  at  the  proper  speed. 

To  prevent  the  inconvenience  which  would  attend  any 
excess  of  such  variations,  the  governor  is  made  to  act  with 
great  delicacy  on  the  throttle  valve,  so  that  even  a  consider- 
able change  in  the  divergence  of  the  balls  shall  not  produce 
too  much  alteration  in  the  opening  of  that  valve.  The  steam 
in  the  boiler  should  have  at  least  two  pounds  per  square  inch 
pressure  more  than  is  generally  required  in  the  cylinder; 
this  excess  being  necessary  to  afford  scope  for  that  extent  of 
variation  of  the  power  which  it  is  the  duty  of  the  throttle 
valve  to  regulate. 
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The  governor  is  usually  so  adjusted  as  to  make  thirty-six 
revolutions  per  minute,  when  in  uniform  motion ;  but  if  the 
motion  is  increased  to  the  rate  of  thirty-nine  revolutions,  the 
balls  will  fly  to  the  utmost  extent  allowed  them,  being  the 
limitation  of  the  grooves  in  which  their  rods  move  ;  and  if, 
on  the  other  hand,  the  speed  be  diminished  to  thirty-four 
revolutions  per  minute,  they  will  collapse  to  the  lowest  extent 
of  their  play.  The  duty  of  the  governor,  therefore,  is  to  cor- 
rect smaller  casual  derangements  of  the  velocity ;  but  if  any 
permanent  change  to  a  considerable  extent  be  made  either 
in  the  load  driven  by  the  machine,  or  in  the  moving  power 
supplied  to  it  from  the  boiler,  then  a  permanent  change  is 
necessary  to  be  made  in  the  connection  between  the  governor 
and  the  throttle  valve,  so  as  to  render  the  governor  capable 
of  regulating  those  smaller  changes  to  which  the  speed  of  the 
machine  is  liable. 

(87.)  Construction  and  operation  of  the  double-acting 
engine.  —  Having  thus  explained  the  principal  mechanical 
contrivances  provided  by  Watt  for  the  maintenance  and 
regulation  of  the  rotatory  motion  to  be  produced  by  his 
double-acting  steam  engine,  let  us  now  consider  the  machine 
as  a  whole,  and  investigate  the  process  of  its  operation.  A 
perspective  view  of  an  engine  of  this  kind  is  represented  in 
Jjg.  38.     A  section  is  represented  'wifig.  39. 

Steam  is  supplied  from  the  boiler  to  the  cylinder  by  the 
steam  pipe  s.  The  throttle  valve  t  in  that  pipe,  near  the 
cylinder,  is  regulated  by  a  system  of  levers  connected  with 
the  governor.  The  piston  p  is  accurately  fitted  in  the  steam 
cylinder  C  by  packing,  as  already  described  in  the  single- 
acting  engine.  This  piston,  as  it  moves,  divides  the  cylinder 
into  two  compartments,  between  which  there  is  no  communi- 
cation by  which  steam  or  any  other  elastic  fluid  can  pass. 
The  upper  steam  box  b  is  divided  into  three  compartments  by 
the  two  valves.  Above  the  upper  steam  valve  v  is  a  com- 
partment communicating  with  the  steam  pipe;  below  the 
upper  exhausting  valve  e  is  another  compartment  communi- 
cating with  the  eduction  pipe  which  leads  to  the  condenser. 
By  the  valves  v  and  e  a  communication  may  be  opened  or 
closed  between  the  boiler  on  the  one  hand,  or  the  condenser 
on  the  other,  and  the  top  of  the  cylinder.     The  continuation 
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'  of  the  steam  pipe  leads  to  the  lower  box  b',  which,  like  the 
pper,  is  divided  into  three  compartments  by  two  valves  v' 


Fiy.  38. 
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Lnd  e'.     The  upper  compartment  communicates  with  the 

.team  pipe,  and  thereby  with  the  boiler;  and  the  lower  com- 

artment  communicates  with  the  eduction  pipe,  and  thereby 

ith  the  condenser.     By  means  of  the  two  valves  v'  and  e', 

communication  may  be  opened  or  closed  between  the  steam 

>ipe  on  the  one  hand,  or  the  exhausting  pipe  on  the  other, 
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and  the  lower  part  of  the  cylinder.  The  four  valves  v,  e,  v', 
and  e'  are  connected  by  a  system  of  levers  with  a  handle  or 
spanner  m,  which,  being  driven  downwards  or  upwards,  is 
capable  of  opening  or  closing  the  valves  in  pairs,  in  the 
manner  already  described  (§  75.).  The  condensers,  the  air- 
pump,  and  the  hot-water  pump  are  in  all  respects  similar  to 
those  already  described  in  the  single-acting  engine,  except 
that  the  condensing  jet  is  governed  by  a  lever  i,  by  which  it 
is  allowed  to  play  continually  in  the  condenser,  and  by  which 
the  quantity  of  water  admitted  through  it  is  regulated.  The 
cold-water  pump  n  is  worked  by  the  engine  as  already  de- 
scribed in  the  single-acting  engine,  and  supplies  the  cistern 
in  which  the  air-pump  and  condenser  are  submerged,  so  as 
to  keep  down  its  temperature  to  the  proper  limit.  On  the 
air-pump  rod  K  are  two  pins  properly  placed,  so  as  to  strike 
the  spanner  m,  upwards  and  downwards,  at  the  proper  times, 
when  the  piston  approaches  the  termination  of  the  stroke  at 
the  top  or  bottom  of  the  cylinder.  The  pump  l  conducts  the 
warm  water  drawn  by  the  air-pump  from  the  condenser  to  a 
proper  reservoir  for  feeding  the  boiler.  The  vertical  motion 
of  the  piston  rod  in  a  straight  line  is  rendered  compatible 
with  the  circular  motion  of  the  end  of  the  beam  by  the 
parallel  motion  already  described.  The  point  h,  on  the  beam, 
moves  upwards  and  downwards  in  a  circular  arc,  of  which  the 
axis  of  the  beam  is  the  centre.  In  like  manner  the  point  d  of 
the  rod  d  c  moves  upwards  and  downwards,  in  a  similar  arc  of 
which  the  fixed  pivot  c  is  the  centre.  The  joint  or  bar  dh, 
which  joins  these  two  pivots,  will  be  moved  so  that  its  middle 
point  e  will  ascend  and  descend  nearly  in  a  straight  line,  as 
has  been  already  explained  (79.)  ;  opposite  this  point  e  is 
attached  the  piston  rod  of  the  air-pump,  which  is  accordingly 
guided  upwards  and  downwards  by  this  means.  The  jointed 
parallelogram  h  d  gf  is  attached  to  the  beams  by  pivots ; 
and,  as  has  been  explained,  the  point  g  will  be  moved  up- 
wards and  downwards  in  a  straight  line,  through  twice  the 
space  through  which  the  point  e  is  moved.  To  the  point  g 
the  rod  of  the  steam  piston  is  attached.  Thus,  the  rods  of 
the  steam  piston  and  air-pnmp  are  moved  by  the  same  system 
of  jointed  bars,  and  moved  through  spaces  which  are  in  the 
proportion  of  two  to  one. 
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Although  this  system  of  jointed  rods  forming  the  parallel 
motion,  appears  in  the  figure  to  consist  only  of  one  parallel- 


Fig.  39, 


ogram  b  dgf,  and  one  rod  c  d,  called  the  radius  rod,  it  is,  in 
fact,  double,  a  similar  parallelogram  and  radius  rod  being  at- 
tached to  corresponding  points,  and  in  the  same  manner  on 
the  other  side  of  the  beam ;  but  from  the  view  given  in  the 
cut,  the  one  set  of  rods  hides  the  other.  The  two  systems 
of  rods  thus  attached  to  opposite  sides  of  the  beam  at  several 
inches  asunder,  are  connected  by  cross  rods,  the  ends  of  which 
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form  the  pivots  or  joints,  and  extend  between  the  parallelo- 
grams. The  ends  of  these  rods  are  only  visible  in  the  figure. 
It  is  to  the  middle  of  one  of  these  rods,  the  end  of  which  is 
represented  at  e,  that  the  air-pump  piston  rod  is  attached ; 
and  it  is  to  the  middle  of  another,  the  end  of  which  is  repre- 
sented at  g,  that  the  steam  piston  rod  is  attached.  These  two 
piston  rods,  therefore,  are  driven,  not  immediately  by  either 
of  the  parallelograms  forming  the  parallel  motion,  but  by  the 
bars  extending  between  them. 

To  the  working  end  of  the  beam  h  is  attached  a  rod  of 
cast  iron  o,  called  the  connecting  rod,  the  lower  end  of  which 
is  attached  to  the  crank  by  a  pivot.  The  weight  of  the  con- 
necting rod  is  so  adjusted,  that  it  shall  balance  the  weight  of 
the  piston  rods  of  the  air-pump  and  cylinder  on  the  other  side 
of  the  beam ;  and  the  weight  of  the  piston  rod  of  the  cold- 
water  pump  N  nearly  balances  the  weight  of  the  piston  rod  of 
the  hot-water  pump  l.  Thus,  so  far  as  the  weights  of  the 
machinery  are  concerned,  the  engine  is  in  equilibrium,  and 
the  piston  would  rest  in  any  position  indifferently  in  the 
cylinder. 

The  axis  of  the  fly-wheel  on  which  the  crank  is  formed  is 
square  in  the  middle  part,  where  the  fly-wheel  is  attached  to 
it,  but  has  cylindrical  necks  at  each  end,  which  rest  in 
sockets  or  bearings  supported  by  the  framing  of  the  machine, 
in  which  sockets  the  axis  revolves  freely.  On  the  axle  of 
the  crank  is  placed  the  fly-wheel,  and  connected  with  its  axle 
is  the  governor  Q,  which  regulates  the  throttle  valve  t  in  the 
manner  already  described. 

Let  us  now  suppose  the  engine  to  be  in  full  operation. 
The  piston  being  at  the  top  of  the  cylinder,  the  spanner  m 
will  be  raised  by  the  lower  pin  on  the  air-pump  rod,  and  the 
upper  steam  valve  v  and  the  lower  exhausting  valve  e'  will 
be  opened,  while  the  upper  exhausting  valve  e  and  the  lower 
steam  valve  v'  are  closed.  Steam  will,  therefore,  be  admitted 
above  the  piston,  and  the  steam  which  filled  the  cylinder 
below  it  will  be  drawn  off  to  the  condenser,  where  it  will  be 
converted  into  water.  The  piston  will,  tlierefore,  be  urged 
by  the  pressure  of  the  steam  above  it  to  the  bottom  of  the 
cylinder.  As  it  approaches  that  limit,  the  spanner  m  will  be 
struck  downwards  by  the  upper  pin  on  the  air-pump  rod,  and 
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the  valves  v  and  e'  will  be  closed,  and  at  the  same  time  the 
lower  steam  valve  v'  and  the  upper  exhausting  valve  E  will 
be  opened.  Steam  will,  therefore,  be  admitted  below  the 
piston,  while  the  steam  above  it  will  be  drawn  off  into  the 
condenser,  and  converted  into  water.  The  pressure  of  the 
steam,  therefore,  below  the  piston  will  urge  it  upwards,  and 
in  the  same  manner  the  motion  will  be  continued. 

While  this  process  is  going  on  in  the  cylinder  and  the  con- 
denser, the  water  formed  in  the  condenser  will  be  gradually 
drawn  off  by  the  operation  of  the  air-pump,  in  the  same  man- 
ner as  explained  in  the  single-acting  engine;  and  at  the  same 
time  the  hot  water  thrown  into  the  hot  well  by  the  air-pump 
will  be  carried  off  by  the  hot-water  pump  l. 

Such  are  the  chief  circumstances  attending  the  continuance 
of  the  operation  of  the  double-acting  engine.  It  is  only 
necessary  here  to  recall  what  has  been  already  explained 
respecting  the  operation  of  the  fly-wheel.  The  commence- 
ment of  the  motion  of  the  piston  from  the  top  and  bottom  of 
the  cylinder  is  produced,  not  by  the  pressure  of  the  steam 
upon  it  upwards  or  downwards,  which  must,  for  the  reasons 
already  explained,  be  entirely  inefficient ;  but  by  the  momen- 
tum of  the  fly-wheel,  which  extricates  the  crank  from  those 
positions  in  which  the  moving  power  cannot  affect  it. 

The  manner  in  which  the  motion  of  the  crank  affects  the 
connecting  rod  at  the  dead  points  produces  an  effect  of  great 
importance  in  the  operation  of  the  engine.  When  the  crank- 
pin  is  approaching  the  lowest  point  of  its  play,  and  therefore 
the  piston  approaching  the  top  of  the  cylinder,  the  motion  of 
the  crank-pin  becomes  nearly  horizontal,  and  consequently  its 
effect  in  drawing  the  connecting  rod  and  the  working  end  of 
the  beam  downwards  and  the  piston  upwards  is  extremely 
small.  The  consequence  of  this  is,  that  as  the  piston  ap- 
proaches the  top  of  the  cylinder,  its  motion  becomes  very 
rapidly  retarded ;  and  as  the  motion  of  the  crank-pin  at  its 
lowest  point  is  actually  horizontal,  the  piston  is  brought  to  a 
state  of  rest  by  this  gradually  retarded  motion  at  the  top  of 
the  cylinder.  In  like  manner,  when  the  crank-pin  moves 
from  its  dead  point  upwards,  its  motion  at  first  is  very  nearly 
horizontal,  and  consequently  its  effect  in  driving  the  working 
end  of  the  beam  upwards,  and  the  piston  downwards,  is  at 
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first  very  small,  but  gradually  accelerated.  The  effect  of  this 
upon  the  piston  is,  that  it  arrives  at  and  departs  from  the  top 
of  the  stroke  with  a  very  slow  motion,  being  absolutely 
brought  to  rest  at  that  point. 

The  same  effect  is  produced  when  the  piston  arrives  at 
the  bottom  of  the  cylinder.  This  retardation  and  suspension 
of  the  motion  of  the  piston  at  the  termination  of  the  stroke 
affords  time  for  the  process  of  condensation  to  be  effected,  so 
that  when  the  moving  power  of  the  steam  upon  the  piston 
can  come  into  action,  the  condensation  shall  be  sufficiently 
complete.  As  the  piston  approaches  the  top  of  the  cylinder, 
and  its  motion  becomes  slow,  the  working  gear  is  made  to 
open  the  lower  exhausting  valve ;  the  steam  enclosed  in  the 
cylinder  below  the  piston,  and  which  has  just  driven  the 
piston  upwards,  presses  with  an  elastic  force  of  17  lbs.  per 
square  inch  on  every  part  of  the  interior  of  the  cylinder, 
while  the  uncondensed  vapour  in  the  condenser  presses  with 
a  force  of  about  2  lbs.  per  square  inch.  The  steam,  there- 
fore, will  have  a  tendency  to  rush  from  the  cylinder  to  the 
condenser  through  the  open  exhausting  valve,  with  an  ex- 
cess of  pressure  amounting  to  15  lbs.  per  square  inch,  while 
the  piston  pauses  at  the  top  of  the  cylinder.  This  process 
goes  on,  and  when  the  piston  has  descended  by  the  motion 
of  the  fly-wheel,  a  sufficient  distance  from  the  top  of  the 
cylinder  to  call  the  moving  force  of  the  steam  into  action,  the 
exhaustion  will  be  complete,  aud  the  pressure  of  the  uncon- 
densed vapour  in  the  cylinder  will  become  the  same  as  in  the 
condenser. 

The  pressure  of  steam  in  the  cylinder,  and  of  uncondensed 
vapour  in  the  condenser,  varies,  within  certain  limits,  in  dif- 
ferent engines,  and  therefore  the  amount  here  assigned  to 
them  must  be  taken  merely  as  an  example. 

The  size  of  the  valves  by  which  the  steam  is  allowed  to 
pass  from  the  cylinder  to  the  condenser  should  be  such  as  to 
cause  the  condensation  to  take  place  in  a  sufficiently  short 
time,  to  be  completed  when  the  steam  impelling  the  piston  is 
called  into  action. 

Watt,  in  the  construction  of  his  engines,  made  the  ex- 
haustion valves  with  a  diameter  which  was  one-fifth  of  the 
diameter  of  the  cylinder,  and  therefore  the  actual  magnitude 
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of  the  aperture  for  the  escape  of  the  steam  was  one  twenty- 
fifth  of  the  magnitude  of  the  cylinder  ;  but  the  spindle  of  the 
valve  diminished  this,  so  that  the  available  space  for  the 
escape  of  steam  did  not  exceed  one  twenty-seventh  of  the 
magnitude  of  the  cylinder.  This  was  found  to  produce  a 
sufficiently  rapid  condensation. 

It  was  usual  to  make  the  steam  valves  of  the  same  mag- 
nitude as  the  exhausting  valves,  but  the  flow  of  steam  through 
the  former  was  resisted  by  the  throttle  valve,  while  no  ob- 
struction was  opposed  to  its  passage  through  the  latter. 

The  rapidity  with  which  the  cylinder  must  be  exhausted 
by  the  condenser  will,  however,  depend  upon  the  velocity 
with  which  the  piston  is  moved  in  it.  The  magnitude,  there- 
fore, of  the  exhausting  valves  which  would  be  sufficient  for 
an  engine  which  acts  with  a  slow  motion  would  be  too  small 
where  a  rapid  motion  is  required. 

In  the  single-acting  steam  engine,  where  the  moving  force 
always  acted  downwards  on  the  piston,  the  pressure  upon  all 
the  joints  of  the  machinery  by  which  the  force  of  the  piston 
was  conveyed  to  the  working  parts,  always  took  place  in  the 
same  direction,  and  consequently,  whatever  might  be  the 
mechanical  connection  by  which  the  several  joints  were 
formed,  the  pins  by  which  they  were  connected  must  always 
come  to  a  bearing  in  their  respective  sockets,  however  loosely 
they  may  have  been  fitted.  For  the  same  reason,  however, 
that  the  arch  head  and  chain  were  abandoned  as  a  means  of 
connecting  the  steam  piston  with  the  beam,  and  the  parallel 
motion  substituted,  it  was  also  necessary  in  the  double-acting 
engine,  where  all  joints  whatever  were  driven  alternately  in 
opposite  directions,  to  fit  the  connecting  pins  with  the  great- 
est accuracy  in  their  sockets,  and  to  abandon  all  connection 
of  the  parts  by  chains.  If  any  sensible  looseness  was  left  in 
the  joints,  a  violent  jerk  would  be  produced  every  time  the 
motion  of  the  piston  was  reversed.  Any  looseness  either  in 
the  pivots  or  joints  of  the  parallel  motion  of  the  working 
beam,  the  connecting  rod,  or  crank,  would,  at  every  change 
of  stroke,  be  so  accumulated  as  to  produce  upon  the  machinery 
the  efi'ects  of  percussion,  and  would  consequently  be  attended 
with  the  danger  of  straining  and  breaking  the  moveable  parts 
of  the  mechanism. 
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To  secure,  therefore,  the  necessary  accuracy  of  the  joints. 
Watt  contrived  that  every  joint  in  the  engine  should  admit 
of  the  size  of  the  socket  being  exactly  adapted  to  the  size  of 
the  pin,  so  as  always  to  make  a  good  fitting  by  closing  the 
socket  upon  the  pin,  when  any  looseness  would  be  produced 
by  wear.  With  this  view,  all  the  joints  were  fitted  with 
sockets  made  of  brass  or  gun-metal,  capable  of  adjustment. 
Each  socket  was  composed  of  two  pieces,  accurately  fitted 
into  a  cell  or  groove,  in  which  one  of  the  brasses  can  be 
moved  towards  the  other  by  means  of  a  wedge  or  screw. 
Each  brass  has  in  it  a  semi-cylindrical  cavity,  and  the  two 
cavities  being  opposed  to  each  other,  form  a  socket  for  the 
joint-pin.  One  of  the  two  brasses  can  always  be  tightened 
round  that  pin,  so  as  to  enclose  it  tight  between  the  two 
semi-cylindrical  cavities,  and  to  prevent  any  looseness  taking 
place.  The  brasses,  and  other  parts  of  such  a  joint,  are 
represented  in  Jig.  40.  These  joints  still  continue  to  be  used 
in  the  engines  as  now  constructed. 

The  motion  of  the  working  beam,  and  the  pump-rods 
which  it  drives,   and  of  the  connecting  rod,  ought,  if  the 

Fig  40.  "whole  were  constructed  with  perfect  precision, 
.ifH  r|^,    to  take  place  in  the  same  or  parallel  vertical 

planes ;  but  this  supposes  a  perfection  of  execu- 

n-yJ  tion  which  could  hardly  have  been  expected  in  the 
I  early  manufacture  of  such  engines,  whatever  may 
have  been  attained  by  improvements  which  have 
been  since  made.  In  the  details  of  construction, 
Watt   saw  that   there  would  be  a  liability   to 
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lateral  strain,  owing  to  the  planes  of  the  difierent  motions 
not  being  truly  vertical  and  truly  parallel,  and  that  if  a 
provision  were  not  made  for  such  lateral  motion,  the  ma- 
chinery would  be  subject  to  constant  strain  in  its  joints 
and  rapid  wear.  He  provided  against  this  by  constructing 
the  main  joints  by  which  the  great  working  lever  was  con- 
nected with  the  pistons  and  connecting  rod,  so  as  to  form 
universal  joints,  giving  freedom  of  motion  laterally  as  well 
as  vertically. 

The  great  lever,  or  working  beam,  was  so  called  from  being 
originally  made  irom  a  beam  of  oak.  It  is  now,  however, 
universally  constructed  of  cast-iron.     The  connecting  rod  is 
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also  made  of  cast-iron,  and  attached  to  the  beam  and  to  the 
crank  by  axles  or  pivots. 

The  mechanism  by  which  the  four  valves  are  opened  and 
closed,  is  subject  to  considerable  variation  in  different  engines. 
They  have  been  described  above  as  being  opened  and  closed 
simultaneously  by  a  single  lever.  Sometimes,  however,  they 
are  opened  alternately  in  pairs  by  two  distinct  levers  driven 
by  two  pins  attached  to  the  air-pump  rod.  One  pin  strikes 
the  lever,  which  opens  and  closes  the  upper  steam  valve  and 
lower  exhausting  valve  ;  the  other  strikes  that  which  opens 
and  closes  the  lower  steam  valve  and  upper  exhausting 
valve. 

Since  the  date  of  the  earlier  double-acting  engines,  con- 
structed by  Boulton  and  AYatt,  a  great  variety  of  me- 
chanical expedients  have  been  practised  for  working  the 
valves,  by  which  the  steam  is  admitted  to  and  withdrawn 
from  the  cylinder.  "We  shall  here  describe  a  few  of  these 
methods  : — 

(88.)  The  eccentric. — The  method  of  working  the  valves 
by  pins  on  the  air-pump  rod  driving  levers  connected  with 
the  valves  has  been,  in  almost  all  modern  double-acting 
machines,  superseded  by  an  apparatus  called  an  eccentric,  by 
which  the  motion  of  the  axle  of  the  fly-wheel  is  made  to  open 
and  close  the  valves  at  the  proper  times. 

An  eccentric  is  a  metallic  circle  attached  to  a  revolving 
axle,  so  that  the  centre  of  the  circle  shall  not  coincide  with 
the  centre  round  which  the  axle  revolves.  Let  us  suppose 
that  G  (Jig.  41.)  is  a  square  revolving  shaft.  Let  a  circular 
plate  of  metal  b  d,  having  its  centre  at  c,  have  a  square  hole 
cut  in  it  corresponding  to  the  shaft  G,  and  let  the  shaft  G 
pass  through  this  square  aperture,  so  that  the  circular  plate 
B  D  shall  be  fastened  upon  the  shaft,  and  capable  of  revolving 
with  it  as  the  shaft  revolves.  The  centre  c  of  the  circular 
plate  B  D  will  be  carried  round  the  centre  G  of  the  revolving 
shaft,  and  will  describe  round  it  a  circle,  the  radius  of  which 
will  be  the  distance  of  the  centre  c  of  the  circular  plate  from 
the  centre  of  the  shaft.  Such  circular  plate  so  placed  upon  a 
shaft,  and  revolving  with  it,  is  an  eccentric. 

Let  E  F  be  a  metallic  ring,  formed  of  two  semicircles  of 
metal  screwed  together  at  h,  so  as  to  be  capable,  by  the  ad- 
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justment   of  the   screws,  of  having   the   circular  aperture 
formed  by  the  ring  enlarged  and  diminished  within  certain 

B 


Fig.  41 


small  limits.  Let  this  circular  aperture  be  supposed  to  be 
equal  to  the  magnitude  of  the  eccentric  b  d.  To  the  circular 
ring  E  F  let  an  arm  l  m  be  attached.  If  the  ring  e  r  be 
placed  around  the  eccentric  b  d,  and  the  screws  h  be  so 
adjusted  as  to  allow  the  eccentric  b  d  to  revolve  within  the 
ring  E  F,  then,  while  the  eccentric  revolves,  the  ring  not  par- 
taking of  its  revolution,  the  arm  L  M  will  be  alternately  driven 
to  the  right  and  to  the  left,  by  the  motion  of  the  centre  C  of 
the  eccentric  as  it  revolves  round  the  centre  g  of  the  axle. 
When  the  centre  c  of  the  eccentric  is  in  the  same  horizontal 
line  with  the  centre  G,  and  to  the  left  of  it,  then  the  position 
of  L  M  will  be  that  which  is  represented  in  Jig.  41. ;  but  when, 
after  half  a  revolution  of  the  main  axle,  the  centre  C  of  the 
eccentric  is  thrown  on  the  other  side  of  the  centre  G,  then 
the  point  m  will  be  transferred  to  the  right,  to  a  distance 
equal  to  twice  the  distance  c  G.  Thus  as  the  eccentric  b  d 
revolves  within  the  ring  e  f,  that  ring,  together  with  the  arm 
L  M,  will  be  alternately  driven,  right  and  left,  through  a  space 
equal  to  twice  the  distance  between  the  centre  of  the  eccentric 
and  the  centre  of  the  revolving  shaft. 

If  we  suppose  a  notch  formed  at  the  extremity  of  the  arm 
L  M,  which  is  capable  of  embracing  a  lever  n  m,  movable  on 
a  pivot  at  n,  the  motion  of  the  eccentric  would  give  to  such 
a  lever  an  alternate  motion  from  right  to  left,  and  vice  versa. 
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J£  we  suppose  another  lever  n  o  connected  with  n  m,  and  at 
right  angles  to  it,  forming  what  is  called  a  bell-crank,  then 
the  alternate  motion  received  by  m,  from  right  to  left,  would 
give  a  corresponding  motion  to  the  extremity  O  of  the  lever 
N  o,  upwards  and  downwards.  If  this  last  point  o  were 
attached  to  a  vertical  arm  or  shaft,  it  would  impart  to  such 
arm  or  shaft  an  alternate  motion  upwards  and  downwards, 
the  extent  of  which  would  be  regulated  by  the  length  of  the 
levers  respectively. 

By  such  a  contrivance  the  revolution  of  the  fly-wheel 
shaft  is  made  to  give  an  alternate  vertical  motion  of  any 
required  extent  to  a  vertical  shaft  placed  near  the  cylinder, 
which  may  be  so  connected  with  the  valves  as  to  open  and 
close  them.  Since  the  upward  and  downward  motion  of  this 
vertical  shaft  is  governed  by  the  alternate  motion  of  the 
centre  c  to  the  right  and  to  the  left  of  the  centre  G,  it  is 
evident  that  by  the  adjustment  of  the  eccentric  upon  the  fly- 
wheel shaft,  the  valves  may  be  opened  and  closed  at  any 
required  position  of  the  fly-wheel  and  crank,  and  therefore 
at  any  required  position  of  the  piston  in  the  cylinder. 

Such  is  the  contrivance  by  which  the  valves,  whatever 
form  may  be  given  to  them,  are  now  almost  universally 
worked  in  double-acting  steam  engines. 
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Having  described  the  general  structure  and  operation  of 
the  steam  engine  as  improved  by  Watt,  we  shall  now 
explain,  in  a  more  detailed  manner,  some  parts  of  its 
machinery  which  have  been  variously  constructed,  and  in 
which  more  or  less  improvements  have  been  made, 

(89.)  Of  the  cocks  and  valves. — In  the  steam  engine,  as 
well  as  in  every  other  machine  in  which  fluids  act,  it  is 
necessary  to  open  or  close,  occasionally,  the  tubes  or  passages 
through  which  these  fluids  move.  The  instruments  by  which 
this  is  accomplished  are  called  cocks  or  valves. 
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Cocks  or  valves  may  be  classified  by  the  manner  in  which 
they  are  opened  :  1st,  they  may  be  opened  by  a  motion 
similar  to  the  lid  of  a  box  upon  its  hinges  ;  2d,  they  may  be 
opened  by  being  raised  directly  upwards,  in  the  same  manner 
as  the  lid  of  a  pot  or  kettle  ;  3d,  they  may  be  opened  by  a 
sliding  motion,  like  that  of  the  sash  of  a  window  or  the  lid  of 
a  box  which  slides  in  grooves ;  4th,  they  may  be  opened  by 
a  motion  of  revolution,  in  the  same  manner  as  the  cock  of  a 
beer-barrel  is  opened  or  closed.  The  term  valve  is  more 
properly  applied  to  the  first  and  second  of  these  classes  ;  the 
third  class  are  usually  called  slides,  and  the  fourth  cocks. 

(90.)  Single  clack  valves. — The  single  clack  valve  is  the 
most  simple  example  of  the  first  class.  It  is  usually  con- 
structed by  attaching  to  a  plate  of  metal  larger  than  the 
aperture  which  the  valve  is  intended  to  stop,  a  piece  of 
leather,  and  to  the  under  side  of  this  leather  another  piece 
of  metal  smaller  than  the  aperture.  The  leather  extending 
on  one  side  beyond  the  larger  metallic  plate,  and  being 
flexible,  forms  the  hinge  on  which  the  valve  plays.  Such 
a  valve  is  usually  closed  by  its  own  weight,  and  opened 
by  the  pressure  of  the  fluid  which  passes  through  it.  It 
is  also  held  closed  more  firmly  by  the  pressure  of  the 
fluid  whose  return  it  is  intended  to  obstruct.  An  example 
of  this  valve  occurs  in  the  steam  engine,  in  the  passage 
between  the  condenser  and  the  air-pump.  The  aperture 
which  it  stops  is  there  a  seat  inclined  at  an  angle  whose 
inclination  is  such  as  to  render  the  weight  of  the  valve 
sufficient  to  close  it.  In  cases  where  the  valve  is  exposed 
to  heat,  as  in  the  example  just  mentioned,  where  it  is  con- 
tinually in  contact  with  the  hot  water  flowing  from  the 
condenser  to  the  air-pump,  the  use  of  leather  is  inadmissible, 
and  in  that  case  the  metallic  surface  of  the  valve  is  ground 
smooth  to  fit  its  seat. 

The  extent  to  which  such  a  valve  should  be  capable  of 
opening,  ought  to  be  such  that  the  aperture  produced  by 
it  shall  be  equal  to  the  aperture  which  it  stops.  This 
will  be  effected  if  the  angle  through  which  it  rises  be 
about  30°. 

The  valve  by  which  the  air  and  water  collected  in  the 
bottom  of  the  air-pump  are  admitted  to  pass  through  the  air- 
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pump  piston  is  a  double  clack,  consisting  of  two  semicircular 
Fiff.  42.      plates,  having  the  hinges  on  the  diameters  of  the 
semicircles,  as  represented  in  Jig.  42. 

(91.)  Conical  valves.  —  Of  the  valves  which 
are  opened  hy  a  motion  perpendicular  to  their 
seat,  the  most  simple  is  a  flat  metallic  plate,  made 
larger  than  the  orifice  which  it  is  intended  to 
stop,  and  ground  so  as  to  rest  in  steam-tight  contact  with 
the  surface  surrounding  the  aperture.  Such  a  valve  is  usually 
guided  in  its  perpendicular  motion  by  a  spindle  passing 
through  its  centre,  and  sliding  in  holes  made  in  cross  bars 
extending  above  and  below  the  seat  of  the  valve. 

The  conical  steam-valves,  which  have  been  already  de- 
scribed (75.),  usually  called  spindle-valves,  are  the  most 
common  of  this  class.  The  best  angle  to  be  given  to  the 
conical  seat  is  found  in  practice  to  be  45'^.  With  a  less 
inclination  the  valve  has  a  tendency  to  be  fastened  in  its 
seat,  and  a  greater  inclination  would  cause  the  top  of  the 
valve  to  occupy  unnecessary  space  in  the  valve-box.  The 
area,  or  transverse  section  of  the  valve-box,  should  be  rather 
more  than  double  the  magnitude  of  the  upper  surface  of  the 
valve,  in  order  to  allow  a  sufliciently  free  passage  for  the 
steam,  and  the  play  of  the  valve  should  be  such  as  to 
allow  it  to  rise  from  its  seat  to  a  height  not  less  than  one 
fourth  of  the  diameter  of  its  upper  surface. 

The  valves  coming  under  this  class  are  sometimes  formed 
as  spheres  or  hemispheres  resting  in  a  conical  seat,  and  in 
such  cases  they  are  generally  closed  by  their  own  weight, 
and  opened  by  the  pressure  of  the  fluid  which  passes  through 
them. 

(92.)  Slides.  —  One  of  the  advantages  attending  the  use 

of  slides,  compared  with  the  other  form   of  valves,  is  the 

simplicity  with  which  the  same  slide  may  be  made  to  govern 

several  passages,  so  that  a  single  motion  with  a  slide  may 

j  perform  the  office  of  two  or  more  motions  imparted  to  inde- 

I  pendent  valves. 

In  most  modern  engines  the  passage  of  the  steam  to  and 
from  the  cylinder  is  governed  by  slides  of  various  forms, 
some  of  which  we  shall  now  explain. 

(93.)  Murraijs  slide-valve. — In  Jigs.  43  and  44.  is  repre- 
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"•^  the   cylinder   passes 
into  the  tube  t,  and 


sented  a  slide-valve  contrived  by  Mr.  Murray  of  Leeds.  A  B 
is  a  steam-tight  case  attached  to  the  side  of 
the  cylinder  ;  E  F  is  a  rod,  which  receives 
an  alternate  motion,  upwards  and  down- 
wards, from  the  eccentric,  or  from  what- 
ever other  part  of  the  engine  is  intended  to 
move  the  slide.  This  rod,  passing  through 
a  stuffing  box,  moves  the  slide  G  upwards 
and  downwards,  s  is  the  mouth  of  the 
steam  pipe  coming  from  the  boiler ;  t  is 
the  mouth  of  a  tube  or  pipe  leading  to  the 
condenser ;  H  is  a  passage  leading  to  the 
top,  and  I  to  the  bottom,  of  the  cylinder. 
In  the  position  of  the  slide  represented  in 
Jig.  43.,  the  steam  coming  from  the  boiler 
through  s  passes  through  the  space  H  to 
the  top  of  the  cylinder,  while  the  steam 
from  the  bottom  of 
through  the  space  i 

goes  to  the  condenser.     When  the  rod  e  f  is  raised  to  the 

position  represented  mjig.  44.,  then  the  passage  h  is  thrown 
Fig.  44.  j^  «  into  communication  with  the  tube  t,  while 
the  passage  i  is  made  to  communicate  with 
the  tube  s.  Steam,  therefore,  passes  from 
the  boiler  through  i  below  the  piston, 
while  the  steam  which  was  above  the 
piston,  passing  through  H  into  T,  goes  to 
the  condenser.  Thus  the  single  slide  G 
performs  the  office  of  the  four  valves  de- 
scribed in  §  75. 

(94.)  The  D  valve.  — The  slide  G  has 
always  steam  of  a  full  pressure  behind  it, 
while  the  steam  in  front  of  it  escaping  to 
the  condenser,  exerts  but  little  pressure 
upon  it.  It  is  therefore  always  forcibly 
pressed  against  the  surfaces  in  contact  with 
which  it  moves,  and  is  thereby  maintained 
steam-tight.  Indeed  this  pressure  would 
rapidly  wear  the  rubbing  surfaces,  unless 

they  were  made  sufficiently  extensive,  and  hardened  so  as  to 
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resist  the  effects  of  the  friction.  Where  fresh  water  is  used, 
IS  in  land  boilers,  the  slide  may  be  made  of  hardened  steel ; 
and  in  the  case  of  marine  boilers,  it  may  be  constructed  of 
jun-metal.  In  this  and  all  other  contrivances  in  which  the 
ipertures  by  which  the  steam  is  admitted  to  and  withdrawn 
from  the  piston  are  removed  to  any  considerable  distance 
from  the  top  and  bottom  of  the  cylinder,  there  is  a  waste  of 
steam,  for  the  steam  consumed  at  each  stroke  of  the  piston  is 
lot  only  that  which  would  fill  the  capacity  of  the  cylinder, 
but  also  the  steam  which  fills  the  passage  between  the  slide 
J  and  the  top  or  bottom  of  the  cylinder.  Any  arrangement 
ft'hich  would  throw  the  passages  h  and  i  on  the  other  side  of 
the  slide  G,  that  is,  between  s  and  g,  instead  of  being,  as  they 
ire,  between  g  and  the  top  and  bottom  of  the  cylinder,  would 
remove  this  defect.  This  is  accomplished  by  a  slide,  which 
is  usually  called  the  d  valve,  because,  being  semi-cylindrical 
in  its  form,  and  hollow,  its  cross  section  resembles  the  letter 
D.  This  slide,  which  is  that  which  at  present  is  in  most 
general  use,  is  represented  in  Jigs.  45,  46. ;  is  the  rod  by  which 
the  slide  is  moved,  passing  through  a  stuffing  box  F  ;  G  G  is 
the  slide  represented  by  a  vertical  section,  a  a  being  a  pas- 
sage in  it  extending  from  the  top  to  the  bottom ;  s  is  the 

mouth  of  the  great 
^^•'^^-  S  -      1  ^'S-'^b.     steam  pipe  coming 

from  the  boiler ;  p  is 
the  pipe  leading  to 
the  condenser;  T  H 
is  a  hollow  space 
formed  in  the  slide 
always  in  communi- 
cation with  the  steam 
pipe  s,  and  conse- 
quently always  filled 
with  steam  from  the 
boiler.  A  transverse 
section  of  the  slide 
and  cylinder  is  represented  in  Jig.  47.,  where  a  represents 
the  top  of  the  passage  marked  a  vajig.  45.  In  the  position 
of  the  slide  represented  in  Jig.  45.,  the  steam  filling  the  space 
r  H  has  access  to  the  top  of  the  cylinder,  but  is  excluded 
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from  the  bottom.  The  steam  which  was  below  the  piston, 
Fig.  47.  passing  up  the  passage  a,  escapes  through  the 
tube  p  to  the  condenser.  When  the  piston  has 
descended,  the  rod  e  moves  the  slide  down- 
wards, so  as  to  give  it  the  position  represented 
in  Jig.  46.  The  steam  in  T  H  has  now  access 
to  the  bottom  of  the  cylinder,  while  the  steam 
above  the  piston  passing  through  p  escapes 
to  the  condenser.  In  this  way  the  operation  of 
the  piston  is  continued,  and  the  steam  consumed  at  each  stroke 
only  exceeds  the  capacity  of  the  cylinder  by  what  is  neces- 
sary to  fill  the  passages  between  the  slide  and  the  cylinder. 

In  a  slide  constructed  in  this  manner,  the  steam  filling  the 
space  T  H  has  a  tendency  to  press  the  slide  back,  so  as  to 
break  the  contact  of  the  rubbing  surfaces,  and  thereby  to 
cause  the  steam  to  leak  from  the  space  t  h  to  the  back  of  the 
slide.  This  is  counteracted  by  the  packing  x,  at  the  back  of 
the  slide. 

In  engines  of  very  long  stroke,  the  extent  of  the  rubbing 
sui-faces  of  slides  of  this  kind  renders  it  difficult  to  keep 
them  in  steam-tight  contact,  and  to  insure  their  uniform 
wear.  In  such  cases,  therefore,  separate  slides,  upon  the 
same  principle,  are  provided  at  the  top  and  bottom  of  the 
cylinder,  moved,  however,  by  a  single  rod  of  communication. 
(95.)  Adaptation  of  slide  valves  to  expansion.  —  In  slides, 
as  we  have  here  described  them,  the  same  motion  which 
admits  steam  to  either  end  of  the  cylinder,  withdraws 
it  from  the  other  end.  Such  an  arrangement  is  only 
compatible  with  the  operation  of  a  cylinder  which  works 
without  expansion ;  for  in  such  a  cylinder  the  full  flow  ot 
steam  to  the  piston  is  only  interrupted  for  a  moment  during 
the  change  of  position  of  the  slide.  But  if  the  steam  act 
expansively,  it  would  be  necessary  to  move  the  slide,  so  as 
to  stop  its  flow  to  one  end  of  the  cylinder,  without  at  the 
same  time  obstructing  the  escape  of  steam  from  the  other 
end  to  the  condenser.  It  would,  therefore,  be  necessary  that 
the  slide  should  close  the  passage  leading  to  the  cylinder  at 
one  end,  without  at  the  same  time  obstructing  the  communi- 
cation between  the  passage  from  the  cylinder  to  the  condensei 
at  the  other  end.     On  the  arrival  of  the  piston,  however,  al 
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the  bottom  of  the  cylinder,  it  would  be  necessary  immediately 
to  put  the  lower  passage  to  the  cylinder  in  communication 
with  the  steam  pipe,  and  the  upper  passage  in  communication 
with  the  condenser.  This  would  necessarily  suppose  two 
motions  of  the  slide  as  well  as  some  modifications  in  its 
length.  Let  the  length  of  the  slide  be  such  that  when  the 
passage  to  the  top  of  the  cylinder  is  stopped,  the  lower 
part  of  the  slide  shall  not  reach  the  passage  to  the  lower  part 
of  the  cylinder ;  and  let  such  a  provision  be  made  in  the 
mechanism  by  which  the  rod  e  governing  the  slide  is  driven, 
that  it  shall  receive  two  motions  during  the  descent  of  the 
piston,  the  first  to  be  imparted  to  it  at  the  moment  the  steam 
is  to  be  cut  off,  and  the  second  just  before  the  termination  of 
the  stroke.  Let  the  position  of  the  slide  at  the  commence- 
ment of  the  stroke  be  represented  mjig.  48.,  and  let  it  be 


iig.  49 


Fig.  50. 


required  that  the  steam  shall  be  cut  off  at  one  half  of  the 
stroke.  "When  the  piston  has  made  half  the  stroke,  the  rod 
governing  the  slide  is  moved  downwards,  so  as  to  throw  the 
slide  into  the  position  represented  in^^.  49.  The  passage 
between  the  steam  pipe  and  the  cylinder  is  now  stopped  at 
both  ends  ;  but  the  passage  from  the  bottom  of  the  cylinder 
to  the  condenser  remains  open.  During  the  remainder  of 
the  stroke,  therefore,  the  steam  in  the  cylinder  works  ex- 
pansively.    As  the   piston  approaches  the   bottom   of  the 
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cylinder,  another  motion  is  imparted  to  the  rod  governing 
the  slide,  by  which  the  latter  is  thrown  into  the  position 
represented  in  fig.  50.  Steam  now  flows  below  the  piston 
while  the  steam  above  it  passes  to  the  condenser.  In  a 
similar  manner,  by  two  motions  successively  imparted  to  the 
slide  during  the  ascent  of  the  piston,  the  steam  may  be  cut 
oiF  at  half  stroke ;  and  it  is  evident  that  by  regulating  the 
time  at  which  these  motions  are  given  to  the  slide,  the  steam 
may  be  worked  expansively  to  any  required  extent. 

It  is  easy  to  conceive  various  mechanical  means  by  which, 
in  the  same  engine,  the  point  at  which  the  steam  is  cut  off 
may  be  regulated  at  pleasure. 

In  cases  where  the  motion  of  the  piston  is  very  rapid,  as 
'  in  locomotive  engines,  it  is  desirable  that  the  passages  to  and 
from  the  cylinder  should  be  opened  very  suddenly.  This  is 
difficult  to  be  accomplished  with  any  form  of  slide  consisting 
of  a  single  aperture ;  but  if,  instead  of  admitting  the  steam 
to  the  cylinder  by  a  single  aperture,  the  same  magnitude  of 
opening  were  divided  among  several  apertures,  then  a  pro- 
portionally less  extent  of  motion  in  the  slide  would  clear  the 
passage  for  the  steam,  and  consequently  greater  suddenness 
of  opening  would  be  effected. 

The  great  advantages  in  the  economy  of  fuel  resulting 
from  the  application  of  the  expansive  principle  have,  of  late 
years,  forced  themselves  on  the  attention  of  engineers,  and 
considerable  improvements  have  been  made  in  its  application, 
especially  in  the  case  of  marine  engines  used  for  long  voyages, 
in  which  the  economy  of  fuel  has  become  an  object  of  the 
last  importance.  The  mechanism  by  which  expansive  slides 
are  moved,  is  made  capable  of  adjustment,  so  that  the  part 
of  the  stroke  at  which  the  steam  is  cut  off,  can  be  altered  at 
pleasure.  The  working  power  of  the  engine,  therefore,  in- 
stead of  being  controlled  by  the  throttle  valve,  is  regulated 
by  the  greater  or  less  extent  to  which  the  expansive  principle 
is  applied.  Steam  of  the  same  pressure  is  admitted  to  the 
cylinder  in  all  cases ;  but  it  is  cut  off  at  a  greater  or  less 
portion  of  the  stroke,  according  to  the  power  which  the 
engine  is  required  to  exert. 

(96.)  Effect  of  connecting  the  governor  with  the  slide.  — 
The  last  degree  of  perfection  has  been  conferred  on  this 
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principle  by  connecting  the  governor  with  the  mechanism  by 
which  the  slide  is  moved,  so  that  the  governor,  instead  of 
acting  on  the  throttle  valve,  is  made  to  act  upon  the  slide. 
By  this  means,  when,  by  reason  of  any  diminution  of  the 
resistance,  the  motion  of  the  engine  is  accelerated,  the  balls 
of  the  governor  diverging  shift  the  cam  or  lever  which 
governs  the  slide,  so  that  the  steam  is  cut  off  after  a  shorter 
portion  of  the  stroke,  the  expansive  principle  is  brought  into 
greater  play,  and  the  quantity  of  steam  admitted  to  the 
cylinder  at  each  stroke  is  diminished.  If,  on  the  other  hand, 
the  resistance  to  the  machine  be  increased,  so  as  to  diminish 
the  velocity  of  the  engine,  then  the  balls  collapsing,  the  levers 
of  the  governor  shift  the  cam  which  moves  the  slides,  so  as 
to  increase  the  portion  of  the  stroke  made  by  the  piston 
before  the  steam  is  cut  off,  and  thereby  to  increase  the  amount 
of  mechanical  power  developed  in  the  cylinder  at  each  stroke. 
The  extent  to  which  the  expansive  principle  is  capable  of 
being  applied,  more  especially  in  marine  engines,  has  been 
hitherto  limited  by  the  necessity  of  using  steam  of  very  high 
pressure,  whenever  the  steam  is  cut  off  after  the  piston  has 
performed  only  a  small  part  of  the  stroke. 

(97.)  SeaicariTs  slides.  —  Mr.  Samuel  Seaward,  of  the  firm 
of  Messrs.  Seawards,  engineers,  has  contrived  an  improved 
system  of  slides,  for  which  he  has  obtained  a  patent.  A 
section  of  Seaward's  slides  is  represented  in  ^^.51.  The 
steam  pipe  proceeding  from  the  boiler  to  the  cylinder  is 
represented  at  a  a,  and  it  communicates  with  passages  s 
and  s'  leading  to  the  top  and  bottom  of  the  cylinder.  These 
passages  are  formed  in  nozzles  of  iron  or  other  hard  metal 
cast  upon  the  side  of  the  cylinder.  These  nozzles  present  a 
smooth  face  outwards,  upon  which  the  slides  B  b',  also  formed 
with  smooth  faces,  play.  The  slides  B  b'  are  attached  by 
knuckle-joints  to  rods  e  e',  which  move  through  stuffing 
boxes,  and  the  connection  of  these  rods  with  the  slides  is 
such  that  the  slides  have  play  so  as  to  detach  their  surfaces 
easily  from  the  smooth  surfaces  of  the  nozzles  when  not 
pressed  against  these  surfaces.  The  steam  in  the  steam 
pipe  A  A  will  press  against  the  backs  of  the  slides  b  b',  and 
keep  their  faces  in  steam-tight  contact  with  the  smooth  sur- 
faces of  the  nozzles.     These  slides  may  be  opened  or  closed 
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by  proper  mechanism  at  any  point  of  the  stroke.     When 
steam  is  to  be  admitted  to  the  top  of  the  cylinder,  the  upper 


Fig.  5i. 


slide  is  raised  and  the  passage  s  opened  ;  and  when  it  is  to 
be  admitted  to  the  bottom  of  the  cylinder,  the  lower  slide  is 
raised  and  the  passage  s'  opened :  and  its  communication  to 
the  top  or  bottom  of  the  cylinder  is  stopped  by  the  lowering 
of  these  slides  respectively.  On  the  other  side  of  the  cylin- 
der are  provided  two  passages  c  c'  leading  to  a  pipe  G,  which 
is  continued  to  the  condenser.  On  this  pipe  are  cast  nozzles 
of  iron  or  other  metal  presenting  smooth  faces  towards  the 
cylinder,  and  having  passages  D  t/  communicating  between 
the  top  and  bottom  of  the  cylinder  respectively  and  the  pipe 
G  G  leading  to  the  condenser.  Two  slides  b  b',  having  smooth 
faces  turned  from  the  cylinder,  and  pressing  upon  the  faces 
of  the  nozzles  d  d',  are  governed  by  rods  playing  through 
stuffing  boxes,  in  the  same  manner  as  already  described. 
The  faces  of  these  slides  being  turned  from  the  cylinder,  the 
steam  in  the  cylinder  having  free  communication  with  them, 
has  a  tendency  to  keep  them  by  its  pressure  in  steam-tight 
contact  with  the  surfaces  in  which  the  apertures  leading  to 
the  condenser  are  formed.  These  two  slides  may  be  opened 
or  closed  whenever  it  is  necessary. 
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When  the  piston  commences  its  descent,  the  upper  steam 
s  ide  18  raised,  so  as  to  open  the  passage  s,  and  admit  steam 
above  the  piston  ;  and  the  lower  exhausting  slide  V  is  also 
raised,  so  as  to  allow  the  steam  below  the  piston  to  escape 
through  G  to  the  condenser,  the  other  two  passages  s'  and  c 
being  closed  by  their  respective  slides.     The  slide  which 
governs  s  ,3  lowered  at  that  part  of  the  stroke  at  which  the 
steam  is  intended  to  be  cut  off,  the  other  slides  remaining, 
unchang^;  and  when  the  piston  has  reached  the  bottom  o°f 
ne  cjhnder,  the  lower  steam  slide  opens  the  passage  s',  and 
the  upper  exhausting  slide  opens  the  passage  c,  and  al  the 
same  time  the  lower  exhausting  slide  closes  the  passage  c' 
Steam  being  admitted  below  the  piston  through  s',  and  at 
the  same  time  the  steam  above  it  being  drawn  away  to  the 
condenser  through  the  open  passage  c  and  the  tube  g,  the 
piston  ascends.     When  it  has  reached  that  point  at  which 
the  s  cam  is  intended  to  be  cut  off,  the  slide  which  governs 
s  IS  lowered    the  other  slides  remaining  unaltered,  and  the 
.upward  stroke  is  completed   in   the   sime  manner  as  the 
downward. 

These  four  slides  may  be  governed  by  a  single  lever,  or 
Jhey  may  be  moved  by  separate  means.  From  the  siLall 
Spaces  between  the  several  slides  and  the  body  of  the 
cyhnder,  it  will  be  evident  that  the  waste  of  steam  by  this 
contrivance  will  be  very  small, 

.1  f^'\^  f  i'  valves  commonly  used,  the  packing  of  hemp  at 
he  back  of  the  slide  by  which  the  pressure  necessary  to  keen 
the  slHie  in  steam-tight  contact  is  obtained,  requires  constant 
attention  from  the  engine-man  while  the  engine  is  at  work 
Any  neglect  of  this  will  produce  a  corresponding  loss  in  the 
power  of  the  engine;  and  accordingly  it  is  found  hat t 
many  cases  where  engines  work  inefficientlv,  the  defect  ^s 
owing  either  to  ignorance  or  want  of  attention  on  the  plr  of 
he  engine-man  in  the  packing  of  the  slides.      In  Seaward^ 

art'of'th'™"  '"'""  "  "^^''  "^''  '^  -^  attention  on  the 
T  f/^'  r=  .r"'"^  ""^"'^^d  ^^'^^  the  slides  are  ^7t 
adjusted.  The  slides  receive  the  pressure  necessary!  kto 
.hem  in  steam-tight  contact  with  the  surfaces  of  the  nozzles 
:rom  the  steam  itself,  which  acts  behind  them.  ' 

The  eduction  and  steam  slides  being  independent  of  each 
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other,  they  may  be  adjusted  so  that  the  engine  shall  work 
expansively  in  any  required  degree  ;  and  this  may  be  accom- 
plished either  by  working  the  slides  by  separate  mechanism, 
or  by  a  single  eccentric. 

One  of  the  advantages  claimed  by  the  patentees  for  these 
slides  is,  that  the  engines  are  secured  from  the  accidents 
which  arise  from  the  accumulation  of  water  within  tlie  steam 
cylinder.  If  such  a  circumstance  should  occur,  the  action  of 
the  piston  will  press  the  water  against  the  faces  of  the  steam 
slides,  and  the  play  allowed  to  them  by  their  connection 
with  the  rods  which  move  them  permits  their  faces  to  be 
raised  from  the  surfoces  of  the  nozzles,  so  that  the  water 
collected  in  the  cylinder  shall  be  driven  into  the  steam  pipe, 
and  sent  back  from  thence  to  the  boiler. 

(98.)   Single  cocks.  —  Of  the  cocks  or  valves  which  are 

opened  and  closed  by  the 
motion  of  an  axis  passing 
through  their  centre,  the  throt- 
tle valve,  whether  worked  by 
hand  or  by  the  governor,  is  an 
example.  But  the  most  com- 
mon form  for  cocks  is  that  of 

, .,    a  cylindrical  or  slightly  coni- 

u..  ,.  U  '    cal  plug  {Jig.  52.),  inserted  in 

an  aperture  of  corresponding 
magnitude  passing  across  the  pipe  or  passage  which  the  cock 
is  intended  to  open  or  close.  One  or  more  holes  are  pierced 
transversely  in  the  cock,  and  when  the  cock  is  turned,  so  thatn 
these  holes  run  in  the  direction  of  the  tube,  the  passage 
through  the  tube  is  opened  ;  but  when  the  passage  through 
the  cock  is  placed  at  right  angles  to  the  tube,  then  the  sides 
of  the  tube  stop  the  ends  of  the  passage  in  the  cock,  and  the 
passage  through  the  tube  is  obstructed.  The  simple  cock  is 
designed  to  open  or  close  the  passage  through  a  single  tube. 
When  the  cock  is  turned,  as  in  Jig.  53.,  so  that  the  passage 
through  the  cock  shall  be  at  right  angles  to  the  length  of  the 
tube,  then  the  passage  through  the  tube  is  stopped ;  but  when 
the  cock  is  turned  from  that  position  through  a  quarter  of  a 
revolution,  as  \r\Jig-  54.,  then  the  passage  through  the  cock 
takes  the  direction  of  the  passage  through  the  tube,  and  the 


FOUR-WAY  COCK. 


169 


cock  is  opened,   and  the    passage  through  the  tube  un- 
obstructed.   In  such  a  cock  the  passage  may  be  more  or  less 


Fif.53- 


Fig.  54. 


throttled  by  adjusting  the  jwsition  of  the  cock,  so  that  a 
part  of  the  opening  in  it  shall  be  covered  by  the  side  of 
the  tube. 

It  is  sometimes  required  to  put  one  tube  or  passage 
alternately  in  communication  with  two  others.  This  is  ac- 
complished by  a  two-way  cock.  In  this  cock  the  passage  is 
curved,  opening  usually  at  points  on  the  surface  of  the  cock, 
at  right  angles  to  each  other.  Such  a  cock  has  already  been 
described,  and  its  use  illustrated  in  the  description  of  the 
Marquis  of  "Worcester's  engine  (18.);  the  two-way  cock,  as 
represented  at  k  and  r  {Jig.  o.\  being  the  means  by  which 
steam  and  water  are  alternately  supplied  to  the  two  forcing 
vessels. 

(99.)  Four-xcay  cock.  —  When  it  is  required  to  put  four 
passages  alternately  in  communication  by  pairs,  a  four- 
way  cock  is  used.  Such  a  cock  has 
two  curved  passages  {fig.  oo.\  each 
similar  to  the  curved  passage  in 
the  two-way  cock.  Let  s  c  b  t  be 
the  four  tubes  which  it  is  required 
to  throw  alternately  into  communi- 
cation by  pairs.  When  the  cock  is 
in  the  position  fig.  55.,  the  tube  s 
communicates  with  T,  and  the  tube 
c  with  B.  By  turning  the  cock 
through  a  quarter  of  a  revolution, 
as  in  fig.  56.,  the  tube  s  is  made  to  commun^ate  with  b, 
and  the  tube  c  with  t;  and  if  the  cock  continue  to  be  turned 
at  intervals  through  a  quarter  of  a  revolution,  these  changes 
of  communication  will  continue  to  be  alternately  made.     It 
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is  evident  that  this  may  be  accomplished  by  turning  the- 
cock  continually  in  the  same  direction. 

The  four-way  cock  is  sometimes 
Fi<:.  56'  n<iQ^  as  a  substitute  for  the  valves 
or  slides  in  a  double-acting  steam 
engine  to  conduct  the  steam  to  and 
from  the  cylinder.  If  s  represent 
a  pipe  conducting  steam  from  the 
boiler,  c  that  which  leads  to  the 
condenser,  t  the  tube  which  leads 
to  the  top  of  the  cylinder,  and  b 
that  which  leads  to  the  bottom,  then 
when  the  cock  is  in  the  position 
{Jig.  55.),  steam  would  flow  from  the  boiler  to  the  top  of 
the  piston,  while  the  steam  below  it  would  be  drawn  off  to 
the  condenser :  and  in  the  position  (^ff.  56.),  steam  would 
flow  from  the  boiler  to  the  bottom  of  the  piston,  while  the 
steam  above  it  would  be  drawn  off  to  the  condenser.  Thus 
by  turning  the  cock  through  a  quarter  of  a  revolution  to- 
wards the  termination  of  each  stroke,  the  operation  of  the 
machine  would  be  continued. 

One  of  the  disadvantages  which  is  inseparable  from  the  use 
of  a  four-way  cock  for  this  purpose  is  the  loss  of  the  steam  at 
each  stroke,  which  fills  the  tubes  between  the  cock  and  the 
ends  of  the  cylinder.  Tliis  disadvantage  could  only  be  avoided 
by  the  substitution  of  two  two-way  cocks  instead  of  a  four- 
way  cock.  A  two-way  cock  at  the  top  of  the  cylinder  would 
open  an  alternate  communication  between  the  cylinder  and 
steam  pipe,  and  the  cylinder  and  condenser,  while  a  similar 
ofiice  would  be  performed  by  another  two-way  cock  at  the 
other  end. 

The  friction  on  cocks  of  this  description  is  more  than  on 
other  valves  ;  but  this  is  in  some  degree  compensated  by  the 
great  simplicity  of  the  instrument.  When  the  cock  is  truly 
ground  into  its  seat,  being  slightly  conical  in  its  form,  the 
pressure  of  the  steam  has  a  tendency  to  keep  the  surfaces  in 
contact ;  but  this  pressure  also  increases  the  friction,  and  ha 
a  tendency  to  wear  the  seat  of  the  cock  into  an  elliptic 
shape.  Consequently,  such  cocks  require  to  be  occasionally 
ground  and  refitted. 


FOUR-WAY  COCK. 


171 


(100.)  Their  adaptation  to  expansion.  —  The  four-way 
cock,  as  above  described,  admits  the  steam  to  one  end  of  the 
piston  at  the  same  moment  that  it  stops  it  at  the  other  end. 
It  would  therefore  be  inapplicable  where  steam  is  worked 
expansively.  A  slight  modification,  however,  analogous  to 
that  already  described  in  the  slides,  will  adapt  it  to  expansive 
action.  This  will  be  accomplished  by  giving  to  one  of  the 
passages  through  the  cock  one  aperture  larger  than  the  other, 
and  working  the  cock  so  that  this  passage  shall  always  be 
used  to  conduct  steam  to  the  cylinder ;  also  by  enlarging 
both  apertures  of  the  other  passage,  and  using  it  always  to 
conduct  steam  from  the  cylinder.  The  etfect  of  such  an 
arrangement  will  be  readily  understood. 

Let  the  position  of  the  cock,  when  the  piston  begins 
to  descend,  be  represented  in  Jig.  57.  Steam  flows  from 
s  through  T  to  the  top  of  the 
cylinder,  while  it  escapes  from  b 
through  c  from  the  bottom  of  the 
cylinder.  When  the  piston  has  ar- 
rived at  that  point  at  which  the 
steam  is  to  be  cut  off,  let  the  cock  be 
shifted  to  the  position  represented  in 
Jig.  58.  The  passage  of  steam  from 
the  boiler  is  now  stopped,  but  the 
escape  of  steam  from  the  bottom  of 
the  cylinder  through  C  continues,  and  the  cock  is  maintained 
in  this  position  until  the  piston  ap- 
proaches the  bottom  of  the  cylinder 
when  it  is  further  shifted  to  the  po- 
sition represented  in  Jig.  59.  Steam 
now  flows  from  s  through  b  to  the 
bottom  of  the  cylinder,  while  the 
steam  from  the  top  of  the  cylinder 
escapes  through  c  to  the  condenser. 
When  the  piston  has  arrived  at  that 
point  where  the  steam  is  to  be  cut  off,  the  cock  is  shifted  to 
the  position  represented  in  Jig.  60.  The  communication  be- 
tween the  steam  and  the  bottom  of  the  piston  is  now  stopped, 
while  the  communication  between  the  top  of  the  cylinder  and 
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the  condenser  is  still  open.  During  the  next  double  stroke 
of  the  piston  the  position  of  the  cock  is  similarly  changed,  but 
in  the  contrary  direction,  and  in  the  same  way  the  motion 


Fig.  60. 


is  continued.  Under  these  circumstances  the  cock,  instead 
of  being  moved  constantly  in  the  same  direction,  as  in  the 
case  of  the  common  four -way  cock,  will  require  to  be  moved 
alternately  in  opposite  directions. 

(101.)  Pistons.  —  The  office  of  a  piston  being  to  divide  a 
cylinder  into  two  compartments  by  a  movable  partition,  which 
shall  obstruct  the  passage  of  any  fluid  from  one  compartment 
to  the  other,  it  is  evident  that  the  two  conditions  which  such 
an  instrument  ought  to  fulfil  are,  Jirst,  that  the  contact  of  its 
sides  with  the  surface  of  the  cylinder  shall  be  so  close  and 
tight  throughout  its  entire  play,  that  no  steam  or  other  fluid 
can  pass  between  them ;  secondly,  that  it  shall  be  so  free 
from  friction,  notwithstanding  this  necessary  tightness,  that 
it  shall  not  absorb  any  injurious  quantity  of  the  moving 
power. 

Since,  however  accurately  the  surfaces  of  the  piston  and 
cylinder  may  be  constructed,  there  will  always  be  in  practice 
more  or  less  impei-fection  of  form,  it  is  evident  that  the  con- 
tact of  the  surface  of  the  piston  with  the  cylinder  throughout 
the  stroke  can  only  be  maintained  by  giving  to  the  circum- 
ference of  the  piston  sufficient  elasticity  to  accommodate  itself 
to  such  inequalities  of  form.  The  substance,  whatever  it  may 
be,  used  for  this  purpose,  and  by  which  the  piston  is  sur- 
rounded, is  called  packing. 
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la  steam  pistons  the  material  used  for  packing  must  be 
such  as  is  capable  of  resisting  the  united  effects  of  heat  and 
moisture.  Hence  leather  and  other  animal  substances  are 
inapplicable. 

The  packing  used  for  steam  pistons  is  therefore  of  two 
kinds,  vegetable  packing,  usually  hemp,  or  metallic  packing. 
(102.)     Common    hemp-packed  piston.  —  The  common 
hemp-packed  piston  has  been  already  in  part  described  (50.). 
Pig^  61  ^  The  bottom  of  the 

piston  is  a  circular 
plate  just  so  much 
less  in  diameter 
than  the  cylinder 
as  is  suflBcient  to 
allow  its  free  mo- 
tion in  ascending 
and  descending.  A 
little  abore  its  lowest  point  this  plate  begins  gradually  to 
diminish  in  thickness  until  its  diameter  is  reduced  to  from 
one  to  two  inches  less  than  that  of  the  cylinder,  leaving 
therefore  around  it  a  hollow  space,  as  represented  in  Jig.  61. 
The  cover  of  the  piston  is  a  plate  similarly  formed,  being  in 
like  manner  gradually  reduced  in  thickness  downwards,  so  as 
to  correspond  with  the  lower  plate.  In  the  hollow  space 
which  thus  surrounds  the  piston,  a  packing  of  unspun  hemp, 
or  soft  rope,  called  gasket,  is  introduced  by  winding  it  round 
the  piston  so  as  to  render  it  an  even  and  compact  mass. 
When  the  space  is  thus  fiUed  up,  the  top  of  the  piston  is 
attached  to  the  bottom  by  screws.  The  curved  form  of  the 
space  within  which  the  hempen  packing  is  confined  is  such 
that  when  the  screws  are  tightened,  that  part  of  the  packing 
which  is  nearest  to  the  top  and  bottom  of  the  piston  is  forced 
against  the  cylinder  so  as  to  produce  upon  the  two  parallel 
rings  as  much  pressure  as  is  necessary  to  render  it  steam- 
tight.  When  by  use  the  packing  is  worn  down  so  as  to  pro- 
duce leakage,  the  cover  of  the  cylinder  must  be  removed,  and 
the  screws  connecting  the  top  and  bottom  of  the  piston 
tightened:  this  wiU  force  out  the  packing  and  render  the 
piston  steam-tight.     This  packing  is  lubricated  by  melted 
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tallow  let  down  upon  the  piston  from  the  funnel  inserted  in 
the  top  of  the  cylinder,  furnished  with  a  stop-cock  to  prevent 
the  escape  of  steam.  The  lower  end  of  the  piston  rod  is 
formed  slightly  conical,  the  thickest  part  of  the  cone  being 
downward.  It  is  passed  up  through  the  piston,  and  a  nut  or 
wedge  between  the  top  and  bottom  is  inserted  so  as  to  secure 
the  piston  in  its  position  upon  the  rod. 

The  process  of  removing  the  top  of  the  cylinder  for  the 
purpose  of  tightening  the  screws  in  the  piston  is  one  of  so 
laborious  a  nature,  that  the  men  entrusted  with  the  super- 
intendence of  these  machines  are  tempted  to  allow  the  engine 
to  work  notwithstanding  injurious  leakage  at  the  piston, 
rather  than  incur  the  labour  of  tightening  the  screws  as 
often  as  it  is  necessary  to  do  so. 

To  avoid  this  inconvenience,  the  following  method  of 
tightening  the  packing  of  the  piston  without  removing  the 
lid  of  the  cylinder  was  contrived  by  Woolf.  The  head  of 
each  of  the  screws  was  formed  into  a  toothed  pinion,  and  as 
these  screws  were  placed  at  equal  distances  from  the  centre 
of  the  piston,  these  several  pinions  were  driven  by  a  large 
toothed  wheel,  revolving  on  the  piston  rod  as  an  axis.  By 
such  an  arrangement  it  is  evident,  that  if  any  one  of  the 
screws  be  turned,  a  like  motion  will  be  imparted  to  all  the 
others  through  the  medium  of  the  large  central  wheel. 
Woolf  accordingly  formed,  on  the  head  of  one  of  the  screws, 
a  square  end.  When  the  piston  was  brought  to  the  top  of 
the  cylinder,  this  square  end  entered  an  aperture  made  in  the 
under  side  of  the  cover  of  the  cylinder.  This  aperture  was 
covered  by  a  small  circular  piece  screwed  into  the  top  of  the 
cylinder,  which  was  capable  of  being  removed  so  as  to  render 
the  square  head  of  the  screw  accessible.  When  this  was 
done,  a  proper  key  being  applied  to  the  square  head  of  the 
screw,  it  was  turned ;  and,  by  being  turned,  all  the  other 
screws  were  in  like  manner  moved.  In  this  way,  instead  of 
having  to  remove  the  cover  of  the  cylinder,  the  packing  was 
tightened  by  merely  unscrewing  a  piece  in  the  top  of  the 
cylinder  not  much  greater  in  magnitude  than  the  head  of  one 
of  the  screws. 

This  method  was  further  simplified  by  causing  the  great 
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circular  wheel  already  described  to  move  upon  the  piston  rod, 
not  as  an  axis,  but  as  a  screw,  the  thread  being  cut  upon  a 
part  of  the  piston  rod  which  worked  in  a  corresponding 
female  screw  cut  upon  the  central  plate.  By  such  means 
the  screw,  which  turned,  whose  head  was  let  into  the  cover 
of  the  cylinder,  would  cause  this  circular  plate  to  be  pressed 
downwards  by  the  force  of  the  screw  constructed  on  the 
piston  rod.  This  circular  plate  thus  pressed  downwards 
acted  upon  pins  or  plugs  which  pressed  together  the  top 
and  bottom  of  the  piston  in  the  same  manner  as  they  were 
pressed  together  by  the  screws  connecting  them  as  already 
described. 

(103.)  Metallic  pistons. —  The  notion  of  constructing  a 
piston  so  as  to  move  steam-tight  in  the  cylinder  without  the 
use  of  packing  of  vegetable  matter  was  first  suggested  by 
the  Rev.  Mr.  Cartwright,  a  gentleman  well  known  for  other 
mechanical  inventions.  A  patent  was  granted  in  1797  for  a 
new  form  of  steam  engine,  in  which  he  proposed  to  use  the 
vapour  of  alcohol  to  work  the  piston  instead  of  the  steam  of 
water ;  and  since  the  principle  of  the  engine  excluded  the  use 
of  lubrication  by  oil  or  tallow,  he  substituted  a  piston  formed 
of  metallic  rings  pressed  against  the  surface  of  the  cylinder 
by  springs,  so  as  to  be  maintained  in  steam-tight  contact 
with  it,  independently  either  of  packing  or  lubrication. 
Although  the  engine  for  which  this  form  of  piston  was 
intended  never  came  into  practical  use,  yet  it  is  so  simple 
and  elegant  in  its  structure,  and  forms  a  link  so  interesting 
in  the  history  of  the  steam  engine,  that  some  explanation  of 
it  ought  not  to  be  omitted  in  this  work. 

(104.)  Cartwright' s  engine. —  The  steam  pipe  from  the 
boiler  is  represented  cut  off  at  b  {Jig.  62.)  ;  t  is  a  spindle 
valve,  for  admitting  steam  above  the  piston,  and  r  is  a 
spindle  valve  in  the  piston ;  D  is  a  curved  pipe  forming  a 
communication  between  the  cylinder  and  the  condenser, 
which  is  of  very  peculiar  construction.  Cartwright  pro- 
posed effecting  a  condensation  without  a  jet,  by  exposing  the 
'team  to  contact  with  a  very  large  quantity  of  cold  surface. 
For  this  purpose  he  formed  his  condenser  by  placing  two 
cylinders  nearly  equal  in  size,  one  within  the  other,  allowing 
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the  water  of  the  cold  cistern  in  which  they  were  placed  to 
flow  through  the  inner  cylinder,  and  to  surround  the  outer 


one.     Thus  the  thin  space  between  the  two  cylinders  formed 
the  condenser. 

The  air-pump  is  placed  immediately  under  the  cylinder, 
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and  the  contiauation  of  the  piston  rod  works  its  piston,  which 
is  solid  and  without  a  valve,  f  is  the  pipe  from  the  con- 
denser to  the  air-pump,  through  which  the  condensed  steam 
is  drawn  off  through  the  valve  G  on  the  ascent  of  the  piston, 
and  on  the  descent  this  is  forced  through  a  tube  into  a  hot 
well  H,  for  the  purpose  of  feeding  the  boiler  through  the 
feed-pipe  L  In  the  top  of  the  hot  well  h  is  a  valve  which 
opens  inwards,  and  is  kept  closed  by  a  ball  floating  on  the 
surface  of  the  liquid.  The  pressure  of  the  condensed  air 
above  the  surface  of  the  liquid  in  h  forces  it  through  i  into 
the  boiler.  When  the  air  accumulates  in  too  great  a  degree 
in  H,  the  surface  of  the  liquid  is  pressed  so  low  that  the  ball 
falls  and  opens  the  valve,  and  allows  it  to  escape.  The  air 
in  H  is  that  which  is  pumped  from  the  condenser  with  the 
liquid,  and  from  which  it  was  disengaged. 

Let  us  suppose  the  piston  at  the  top  of  the  cylinder :  it 
strikes  the  tail  of  the  valvfe  t,  and  raises  it,  while  the  stem 
of  the  piston  valve  R  strikes  the  top  of  the  cylinder,  and  is 
pressed  into  its  seat.  A  free  communication  is  at  the  same 
time  open  between  the  cylinder,  below  the  piston  and  the 
condenser,  through  the  tube  d.  The  pressure  of  the  steam 
thus  admitted  above  the  piston  acting  against  the  vacuum 
below  it,  will  cause  its  descent.  On  arriving  at  the  bottom 
of  the  cylinder,  the  tail  of  the  piston  valve  R  will  strike  the 
bottom,  and  it  will  be  lifted  from  its  seat,  so  that  a  commu- 
nication will  be  opened  through  it  with  the  condenser.  At 
the  same  moment,  a  projecting  spring  K,  attached  to  the 
piston  rod,  strikes  the  stem  of  the  steam  valve  t,  and  presses 
it  into  its  seat.  Thus  while  the  further  admission  of  steam 
is  cut  off,  the  steam  above  the  piston  flows  into  the  condenser, 
and  the  piston  being  relieved  from  all  pressure,  is  drawn  up 
by  the  momentum  of  the  fly-wheel,  which  continues  the 
motion  it  received  from  the  descending  force.  On  the  arrival 
of  the  piston  again  at  the  top  of  the  cylinder,  the  valve  x  is 
opened  and  R  closed,  and  the  piston  descends  as  before,  and 
so  the  process  is  continued. 

The  mechanism  by  which  motion  is  communicated  from 
the  piston  to  the  fly-wheel  is  peculiarly  elegant.  On  the  axis 
of  the  fly-wheel  is  a  small  wheel  with  teeth,  which  work  in 
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the  teeth  of  another  larger  wheel  l.  This  wheel  is  turned  hy 
a  crank,  which  is  worked  by  a  cross-piece  attached  to  the  end 
of  the  piston  rod.  Another  equal-toothed  wheel  M  is  turned 
by  a  crank,  which  is  worked  by  the  other  end  of  the  cross- 
arm  attached  to  the  piston  rod. 

One  of  the  peculiarities  of  this  engine  is,  that  the  liquid 
which  is  used  for  the  production  of  steam  in  the  boiler 
circulates  through  the  machine  without  either  diminution  or 
admixture  with  any  other  fluid,  so  that  the  boiler  never 
wants  more  feeding  than  what  can  be  supplied  from  the  hot 
well  H.  This  circumstance  forms  an  important  feature  in 
the  machine,  as  it  allows  of  ardent  spirits  being  used  in  the 
boiler  instead  of  water,  which,  since  they  boil  at  low  heats, 
promised  a  saving  of  fuel.  The  inventor  proposed  that  the 
engine  should  be  used  as  a  still,  as  well  as  a  mechanical 
power,  in  which  case  the  whole  of  the  fuel  would  be  saved. 

(105.)  His  metallic  piston. —^ Thai  part  of  Cartwright's 
piston  which  in  the  common  piston  is  occupied  by  the  packing 
of  gasket  already  explained  (102.),  was  filled  by  a  number 
of  rings,  one  placed  within  and  above  another,  and  divided 
into  three  or  four  segments.  Two  rings  of  brass  were  made 
of  the  full  size  of  the  cylinder,  and  so  ground  as  to  fit  the 
cylinder  nearly  steam-tight.  These  were  cut  into  several 
segments  a  a.  a  {Jig.  63.),  and  were  placed  one  above  the 

i'l-i.  63.  Other,  so  as  to  fill  the 
space  between  the  top 
and  bottom  plates  of 
the  piston.  The  divi- 
sions of  the  segments 
of  the  one  ring  were 
made  to  fit  between 
the  divisions  of  the 
other.  Within  these 
another  series  of  rings, 
B  B  B,  were  placed,  simi- 
larly constructed,  so  as 
to  fit  within  the  first 
series  in  the  same  man- 
ner as  the  first  series 
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were  made  to  fit  within  the  cylinder.  The  joints  of  the 
upper  series  of  each  set  of  rings  are  exhibited  in  the  plan 
{^fig-  63.) ;  the  places  of  the  joints  of  the  lower  series  are 
shown  by  dotted  lines  ;  the  position  of  the  rings  of  each 
series  one  above  the  other  is  shown  in  the  section  {Jig.  64.). 
The  joints  of  the  inner  series  of  rings  are  so  placed  as  to  lie 
between  those  of  the  outer  series,  to  prevent  the  escape  of 
steam  which  would  take  place  by  one  continued  joint  from 
top  to  bottom  of  the  packing.  The  segments  into  which  the 
rings  are  divided  are  pressed  outwards  by  steel  springs  in 
F/ff,  64  the  form  of  the  letter 

^  V,  the  springs  which 
act  upon  the  outer 
-eries  of  segments 
ibutting  upon  the 
inner  series,  and  those 
which  act  on  the  inner 
-eries  abutting  upon 
the  solid  centre  of  the 
piston :  these  springs  are  represented  in  fig.  63. 

(106.)  BartorCs  metallic  piston.  —  An  improved  form  was 
given  to  the  metallic  piston  by  Barton.  Barton's  piston  con- 
sists of  a  solid  cylinder  of  cast  iron,  represented  at  A  in 
section  in  fig.  65.,  and  in  plan  in  fig.  66.  In  the  centre  of 
Ftg.  65.  ^,..__pa    this  is  a  conical  hole 

increasing  in  magni- 
tude downwards,  to  re- 
ceive the  piston  rod,  in 
which  the  latter  is  se- 
cured by  a  cross-pin  b. 
A  deep  groove,  square 
in  its  section,  is  formed 
around  the  piston,  so 
that  while  the  top  and  bottom  of  the  piston  form  circles  equal 
in  magnitude  to  the  section  of  the  cylinder,  the  intermediate 
part  of  the  body  of  the  piston  forms  a  circle  less  than  the 
former  by  the  depth  of  the  groove-  Let  a  ring  of  brass,  cast 
iron,  or  cast  steel,  be  made  to  correspond  in  magnitude  and 
form  with  this  groove,  and  let  it  be  divided,  as  represented  in 

I  6 
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Fig.  66 


Jig.  66.,  into  four  segments  c  C  C  c,  and  four  corresponding 
angular  pieces  d  d  d  d.  Let  the  groove  which  surrounds  the 
piston  be  filled  by  the  four  segments  with  the  four  wedge- 
like angular  pieces  within  them,  and  let  the  latter  be  urged 
against  the  former  by  eight  spiral  springs,  as  represented  in 
^g.  65  and  Jig.  66.  These  springs  will  abut  against  the 
solid  centre  of  the  piston,  and  will  urge  the  segments  C 
against  the  cylinder.  The  spiral  springs  which  urge  the 
wedges  are  confined  in  their  action  by  steel  pins  which  pass 
through  their  centre,  and  by  being  confined  in  cylindrical 
cavities  worked  into  the  wedges  and  into  corresponding  parts 
of  the  solid  centre  of  the  piston,  as  the  segments  c  wear, 

the  springs  urge  the 
wedges  outwards,  and 
the  points  of  the  lat- 
ter protruding,  are 
gradually  worn  down 
so  as  to  fill  up  the 
spaces  left  between 
the  segments,  and 
thus  to  complete  the 
outer  surface  of  the 
piston. 

Various  other  forms 
of  metallic  pistons 
have  been  proposed, 
but  as  they  do  not 
differ  materially  in  principle  from  those  we  have  just  de- 
scribed, it  will  not  be  necessary  here  to  describe  them. 


CHAPTER  VII. 

THE   BOILER   AND  ITS   APPENDAGES. 

(107.)   Importance   of  the    boiler  and  furnace.  —  The 
machinery  which  has  been  explained  in  the  preceding  chap- 
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ters,  consisting  of  the  cylinder  with  its  passages  and  valves, 
the  piston  rod,  parallel  motion,  beam,  connecting  rod  and 
crank,  together  with  the  condenser,  air-pump,  and  other 
appendages,  having  no  source  of  moving  power  in  them- 
selves, must  be  regarded  as  mere  instruments  by  which  the 
mechanical  eflfect  developed  by  the  furnace  and  the  boiler  is 
transmitted  to  the  working  point,  and  so  modified  as  to  be 
adapted  to  the  uses  to  which  the  machine  is  applied.  The 
boiler  is  at  once  a  magazine  in  which  the  moving  power  is 
stored  in  sufficient  quantity  to  supply  the  demands  of  the 
engine,  and  an  apparatus  in  which  that  power  is  fabricated. 
The  mechanical  effect  evolved  in  the  conversion  of  water 
into  steam  by  heat,  is  the  means  by  which  the  power  of 
the  steam  engine  is  produced,  and  space  is  provided  in  the 
boiler,  capacious  enough  to  contain  as  much  steam  as  is  ne- 
cessary for  the  engine,  besides  a  sufficient  quantity  of  water 
to  continue  that  supply  undiminished,  notwithstanding  the 
constant  drafts  made  upon  it  by  the  cylinder :  even  the 
water  itself,  from  the  evaporation  of  which  the  mechanical 
power  is  produced,  ought  to  be  regarded  as  an  instrument 
by  which  the  effect  of  the  heat  of  the  combustible  is  ren- 
dered mechanically  efficient,  inasmuch  as  the  same  heat,  ap- 
plied not  only  to  other  liquids  but  even  to  solids,  would 
likewise  be  productive  of  mechanical  effects.  The  boiler 
and  its  furnace  are  therefore  parts  of  the  steam  engine,  the 
construction  and  operation  of  which  are  entitled  to  especial 
attention. 

(108.)  Analysis  of  coal.  —  Coal,  the  combustible  almost 
universally  used  in  steam  engines,  is  a  substance,  the  prin- 
cipal constituents  of  which  are  carbon  and  hydrogen,  occa- 
sionally mixed  with  sulphur  in  a  smaU  proportion,  and  some 
incombustible  matter.  In  different  sorts  of  coal  the  propor- 
tions of  these  constituents  vary,  but  in  general  about  four- 
fifths  of  the  whole  weight  of  the  combustible  is  carbon. 

In  the  following  table  is  exhibited  the  composition  of  the 
principal  varieties  of  British  coal  according  to  the  analysis 
of  Mr.  H.  How.  (See  Report  of  Sir  H.  De  la  Beche  and 
Dr.  L.  Playfair  on  the  Coals  suited  to  the  Steam  Navy, 
presented  to  Parliament,  1848.) 
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Name  or  Locality  of  Coal. 

Carbon. 

Hydr 

ogen. 

Ash. 

Sulphur. 

Nitrogen. 

Powell's  Duffryn     - 

I. 

88-4 

II. 

88-12 

I. 
4-54 

II. 
4-81 

I. 

3-18 

II. 
3-34 

1-77 

1-45 

Mynydd  Newydd    - 

84-26 

85-16 

5-61 

5-92 

327 

3-21 

1-21 

1-56 

Three- Quarter  Rock  Vein 

75-45 

74-85 

5-02 

4-85 

1071 

11-21 

2-85 

1-07 

Park  End,  Lydney  - 

73-32 

73-72 

5-64 

5-74 

9  95 

10-05 

2-27 

2-04 

Cwm  Frood  Rock  Vein  - 

81-72 

82-78 

5-75 

6-93 

5-95 

6-05 

1-22 

1  11 

Cwm  Nanty  Gros    - 

78-57 

78-16 

5-45 

5-73 

5-60 

5-61 

3-01 

1-86 

Grangemouth .       .       - 

80-09 

79-62 

5-32 

5-24 

3-52 

3-53 

1-42 

1-35 

Broomhill        ... 

81-40 

82-00 

6-22 

6-12 

313 

302 

2-85 

1-84 

Wylam's  Patent  Fuel     - 

79-60 

80-22 

5-61 

5-77 

491 

4-78 

1-25 

168 

Resolven          ... 

79-33 

lost 

4  47 

5-03 

9-46 

9-37 

5-07 

138 

Pontypool        ... 

80-85 

80-54 

5  79 

5-63 

5-60 

5-45 

2-39 

1-35 

Bedwas    .        .       .       - 

80-68 

80-55 

5-91 

6-11 

7-04 

6-84 

3-70 

1-44 

Porthmawr  Rock  Vein    - 

74-39 

75-01 

4-58 

5-00 

14-81 

14-63 

0-91 

1-28 

Warlich's  Patent  Fuel    - 

90-26 

89-78 

5-24 

5-88 

2-92 

2-90 

1-63 

trace. 

Bell's  Patent  Fuel  - 

87-56 

88-21 

5-23 

5-21 

4-79 

5-13 

0-71 

0-81 

Ebbw  Vale      . 

89-28 

90-27 

5-08 

5-23 

1.53 

1-47 

1-02 

216 

Wallsend  Elgin       - 

7588 

76-30 

5-33 

5-11 

10-63 

10-78 

1-53 

1-41 

Maxwell's  Coleshill 

73-95 

73-/4 

5-14 

lost 

8-78 

9-06 

234 

1-47 

Fordel  Splint  -        .        - 

79-44 

79-73 

5-50 

lost 

3-84 

4-16 

1-46 

113 

Slievardagh      ... 

8018 

79-88 

2-10 

2-50 

10-90 

1 

10-71 

6-76 

0-23 

(109.)  Process  of  combustion.  —  When  carbon  is  heated 
to  a  temperature  of  about  700°  in  an  atmosphere  of  pure 
oxygen,  it  will  combine  chemically  with  that  gas,  and  the 
product  will  be  the  gas  called  carbonic  acid.  The  volume  of 
carbonic  acid  produced  by  this  combination,  will  be  exactly 
equal  to  that  of  the  oxygen  combined  with  the  carbon,  and 
therefore  the  weight  of  a  given  volume  of  the  gas  will  be 
increased  by  the  weight  of  carbon  which  enters  the  combina- 
tion. It  is  found  that  two  parts  by  weight  of  oxygen  com- 
bined with  three  of  carbon  form  carbonic  acid.  The  weight 
of  the  carbonic  acid,  therefore,  produced  in  the  combustion, 
will  be  greater  than  the  weight  of  the  oxygen,  bulk  for  bulk, 
in  the  proportion  of  five  to  two,  the  volume  being  the  same 
and  the  gases  being  compared  at  the  same  temperatures  and 
under  equal  pressures.  In  this  combination  heat  is  evolved 
in  very  large  quantities.  This  effect  arises  from  the  heat 
previously  latent  in  the  carbon  and  oxygen  being  rendered 
sensible  in  the  process  of  combustion.  The  carbonic  acid 
proceeding  from  the  combustion  is  by  such  means  raised  to 
a  very  high  temperature,  and  the  carbon  during  the  process 
acquires  a  heat  so  intense  as  to  become  luminous  ;  no  flame, 
however,  is  produced. 

Hydrogen,  heated  to  a  temperature  of  about  1000°,  in 
contact  with  oxygen,  will  combine  with  the  latter,  and  a 
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great  evolution  of  heat  will  attend  the  process ;  the  gases  will 
be  rendered  luminous,  and  flame  will  be  produced.  The 
product  of  this  process  will  be  water,  which  being  exposed 
to  the  intense  heat  of  combustion,  will  be  immediately  con- 
verted into  steam.  Hydrogen  combines  with  eight  times  its 
own  weight  of  oxygen,  producing  nine  times  its  own  weight 
of  water. 

Hydrogen  gas  is,  however,  not  usually  disengaged  from 
coal  in  a  simple  form,  but  combined  chemically  with  a  certain 
portion  of  carbon,  the  combination  being  called  carburetted 
hydrogen.  Pure  hydrogen  burns  with  a  very  faintly  lumi- 
nous blue  flame,  but  carburetted  hydrogen  gives  that  bright 
flame  occasionally  having  an  orange  or  reddish  tinge,  which 
is  seen  to  issue  from  burning  coals  :  this  is  the  gas  used  for 
illumination,  being  expelled  from  the  coal  by  the  process 
of  coking,  and  conducted  to  the  various  burners  through 
proper  pipes. 

The  sulphur,  which,  as  appears  from  the  preceding  table, 
is  contained  in  a  very  small  proportion  in  coals,  is  also  com- 
bustible, and  combines  in  the  process  of  combustion  with 
oxygen,  forming  sulphurous  acid  :  it  is  also  sometimes 
evolved  in  combination  with  hydrogen,  forming  sulphuretted 
hydrogen. 

Atmospheric  air  consists  of  two  gases,  azote  and  oxygen, 
mixed  together  in  the  proportion  of  four  to  one ;  five  cubic 
feet  of  atmospheric  air  consisting  of  four  cubic  feet  of  azote 
and  one  of  oxygen.  Any  combustible  will  combine  with  the 
oxygen  contained  in  atmospheric  air,  if  raised  to  a  tempe- 
rature somewhat  higher  than  that  which  is  necessary  to  cause 
its  combustion  in  an  atmosphere  of  pure  oxygen. 

If  coals,  therefore,  or  other  fuel  exposed  to  atmospheric 
air  be  raised  to  a  sufficiently  high  temperature,  their  com- 
bustible constituents  will  combine  with  the  oxygen  of  the 
atmospheric  air,  and  all  the  phenomena  of  combustion  will 
ensue.  In  order,  however,  that  the  combustion  should  be 
continued,  and  should  be  carried  on  with  quickness  and  ac- 
tivity, it  is  necessary  that  the  carbonic  acid  and  other  pro- 
ducts should  be  removed  from  the  combustible  as  they  are 
produced,  and  fresh  portions  of  atmospheric  air  brought  into 
contact  with  it;  otherwise  the  combustible  would  soon  be 
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surrounded  by  an  atmosphere  composed  chiefly  of  carbonic 
acid  to  the  exclusion  of  atmospheric  air,  and  therefore  of  un- 
combined  oxygen,  and  consequently  the  combustion  would 
cease,  and  the  fuel  be  extinguished.  To  maintain  the  com- 
bustion, therefore,  a  current  of  atmospheric  air  must  be  con- 
stantly carried  through  the  fuel :  the  quantity  and  force  of 
this  current  must  depend  on  the  quantity  and  quality  of  the 
fuel  to  be  consumed.  It  must  be  such  that  it  shall  supply 
sufficient  oxygen  to  the  fuel  to  maintain  the  combustion,  and 
not  more  than  sufficient,  since  any  excess  would  be  attended 
with  the  effect  of  absorbing  the  heat  of  combustion,  without 
contributing  to  the  maintenance  of  that  effect. 

(110.)  Hoiv  heat  is  imparled  to  the  water.  —  Heat  is  com- 
municated from  body  to  body  in  two  ways,  by  radiation  and 
by  contact. 

Rays  of  heat  issue  from  a  heated  body,  and  are  dispersed 
through  the  surrounding  space  in  a  manner,  and  according 
to  laws,  similar  to  those  which  govern  the  radiation  of  light.* 
The  heat  thus  radiated  meeting  other  bodies  is  imparted  to 
them,  and  penetrates  them  with  more  or  less  facility  accord- 
ing to  their  physical  qualities. 

A  heated  body  also  brought  into  contact  with  another  body 
of  lower  temperature,  communicates  heat  to  that  other  body, 
and  will  continue  to  do  so  until  the  temperature  of  the  two 
bodies  in  contact  shall  be  equalised.  Heat  proceeds  from 
fuel  in  a  state  of  combustion  in  both  these  ways :  the  heated 
fuel  radiates  heat  in  all  directions  around  it,  and  the  heat 
thus  radiated  will  be  imparted  to  all  parts  of  the  furnace 
which  are  exposed  to  the  fueL 

The  gases,  which  are  the  products  of  the  combustion, 
escape  from  the  fuel  at  a  very  high  temperature ;  and  con- 
sequently, in  acquiring  that  temperature,  they  absorb  a  con- 
siderable quantity  of  the  heat  of  combustion.  But  besides 
the  gases  actually  formed  in  the  process  of  combustion,  the 
azote  forming  four-fifths  of  the  air  carried  through  the  fuel 
to  support  the  combustion,  absorbs  heat  from  the  combustible, 
and  rises  into  the  upper  part  of  the  furnace  at  a  high  tem- 
perature.    These  various  gases,  if  conducted  directly  to  the 

*  Handbook  of  Natural  Philosophy,  p.  510. 
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chimney,  would  carry  off  with  them  a  considerable  quantity 
of  the  heat.  Provision  should  therefore  be  made  to  keep 
them  in  contact  with  the  boiler  such  a  length  of  time  as  will 
enable  them  to  impart  such  a  portion  of  the  heat  which  they 
have  absorbed  from  the  fuel,  as  will  still  leave  them  at  a  tem- 
perature sufficient,  and  not  more  than  sufficient,  to  produce 
the  necessary  draft  in  the  chimney. 

(111.)  Waggon  boiler  of  Watt. —  The  forms  of  boiler 
which  have  been  proposed  as  the  most  convenient  for  the 
attainment  of  all  these  requisite  purposes  have  been  very 
various.  If  strength  alone  were  considered,  the  spherical 
form  would  be  the  best ;  and  the  early  boilers  were  very 
nearly  hemispheres,  placed  on  a  slightly  concave  base.  The 
form  adopted  by  Watt,  called  the  waggon  boiler,  consists  of 
a  semi-cylindrical  top,  flat  perpendicular  sides,  flat  ends,  and 
a  slightly  concave  bottom.  The  steam  intended  to  be  used 
in  boilers  of  this  description  did  not  exceed  the  pressure  of 
the  external  atmosphere  by  more  than  from  3  to  Slbs.  per 
square  inch ;  and  the  flat  sides  and  ends,  though  unfavour- 
able to  strength,  could  be  constructed  sufficiently  strong  for 
this  purpose.  In  a  boiler  of  this  sort,  the  air  and  smoke 
passing  through  the  flues  that  are  carried  round  it,  are  in 
contact  at  one  side  only  with  the  boiler.  The  brickwork,  or 
other  materials  forming  the  flue,  must  therefore  be  non- 
conductors of  heat,  that  they  may  not  absorb  any  considerable 
portion  of  heat  fi'om  the  air  passing  in  contact  with  them. 

A  boiler  of  this  form  is  represented  in  Jig.  67.  The  grate 
and  a  part  of  the  flues  are  rendered  visible  by  the  removal 
of  a  portion  of  the  surrounding  masonry  in  which  the  boiler 
is  set.  The  interior  of  the  boiler  is  also  shown  by  cutting 
off  one  half  of  the  semi-cylindrical  roof.  A  longitudinal 
vertical  section  is  shown  in  Jig.  68.,  and  a  cross  section  in 
fig.  69.  A  horizontal  section  taken  above  the  level  of  the 
grate,  and  below  the  level  of  the  water  in  the  boiler,  showing 
the  course  of  the  flues,  is  given  in  Jig.  70.  The  corre- 
sponding parts  in  all  the  figures  are  marked  by  the  same 
letters. 

(112.)  Method  of  working  the  furnace. — The  door  by 
which  fuel  is  introduced  upon  the  grate  is  represented  at  A, 
and  the  door  leading  to  the  ash-pit  at  b.     The  fire  bars  at  C 
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slope  downwards  from  the  front  at  an  angle  of  about  25°, 
giving  a  tendency  to  the  fuel  to  move  from  the  front  towards 


the  back  of  the  grate.  The  ash-pit  d  is  constructed  of  sucl 
a  magnitude,  form,  and  depth,  as  to  admit  a  current  of  atmo 
spheric  air  to  the  grate-bars,  sufficient  to  sustain  the  com' 
bustion.  The  form  of  the  ash-pit  is  usually  wide  below 
contracting  towards  the  top. 

The  fuel  when  introduced  at  the  fire-door  A,  should  b( 
laid  on  that  part  of  the  grate  nearest  to  the  fire-door,  calle( 
the  dead  plates  :  there  it  is  submitted  to  the  process  o 
coking,  by  which  the  gases  and  volatile  matter  which  it  con 
tains  are  expelled,  and  being  carried  by  a  current  of  air 
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admitted  through  small  apertures  in  the  fire-door  over  the 
burning  fuel  in  the  hinder  part  of  the  grate,  they  are  burnt. 


When  the  fuel  in  front  of  the  grate  has  been  thus  coked,  it  is 
pushed  back,  and  a  fresh  feed  introduced  in  front.  The  coal 
thus  pushed  back  soon  becomes  vividly  ignited,  and  by  con- 
tinuing this  process,  the  fuel  spread  over  the  grate  is  main- 
tained in  the  most  active  state  of  combustion  at  the  hinder 
part  of  the  grate.  By  such  an  arrangement,  the  smoke  pro- 
duced by  the  combustion  of  the  fuel  may  be  burnt  before  it 
enters  the  flues.  The  flame  and  heated  air  proceeding  from 
the  burning  fuel  arising  from  the  grate,  and  rushing  towards 
the  back  of  the  furnace,  passes  over  the  Ji re-bridge  e,  and  is 
carried  through  the  flue  f  which  passes  under  the  boiler. 
This  flue  (the  cross  section  of  which  is  shown  in  Jig.  69.,  by 
the  dark  shade  put  under  the  boiler)  is  very  nearly  equal  in 
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width  to  the  bottom  of  the  boiler,  the  space  at  the  bottom  of 
the  boiler,  near  the  corners,  being  only  what  is  sufficient  to 
give  the  weight  of  the  boiler  support  on  the  masonry  forming 
the  sides  of  the  flue.  The  bottom  of  the  boiler  being  concave, 
the  flame  and  heated  air  as  they  pass  along  the  flue  rise  to 
the  upper  part  by  the  effects  of  their  high  temperature,  and 
lick  the  bottom  of  the  boiler  from  the  fire-bridge  at  E  to  the 
further  end  g. 

At  G  the  flue  rises  to  H,  and  turning  to  the  side  of  the 
boiler  at  1 1,  conducts  the  flame  in  contact  with  the  side  from 
the  back  to  the  front ;  it  then  passes  through  the  flue  K  across 
the  front,  and  returns  to  the  back  by  the  other  side  flue  L. 
The  side  flue  is  represented,  stripped  of  the  masonry,  in 
Jig.  67.,  and  also  appears  in  the  plan  in  Jig.  70.,  and  in  the 
cross  section  in  Jig.  69.  The  course  of  the  air  is  represented 
in  Jig.  70.  by  the  arrows.  From  the  flue  l  the  air  is  conducted 
into  the  chimney  at  m. 

By  such  an  arrangement,  the  flame  and  heated  air  proceed- 
ing from  the  grate  are  made  to  circulate  round  the  boiler, 
and  the  length  and  magnitude  of  the  flues  through  which 
they  are  conducted  should  be  such,  that  when  they  arrive  at 
the  chimney  their  temperature  shall  be  reduced,  as  nearly  as  is 
consistent  with  the  maintenance  of  draught  in  the  chimney, 
to  the  temperature  of  the  water. 

The  method  of  feeding  the  furnace,  which  has  been  described 
above,  is  one  which,  if  conducted  with  skill  and  care,  would 
produce  a  much  more  perfect  combustion  of  the  fuel  than 
would  attend  the  common  method  of  filling  the  grate  from 
the  back  to  the  front  with  fresh  fuel,  whenever  the  furnace 
is  fed.  This  method,  however,  is  rarely  observed  in  the 
management  of  the  furnace.  It  requires  the  constant  atten- 
tion of  the  stokers  (such  is  the  name  given  to  those  who  feed 
the  furnaces).  The  fuel  must  be  supplied,  not  in  large 
quantities,  and  at  distant  intervals,  but  in  small  quantities 
and  more  frequently.  On  the  other  hand,  the  more  com- 
mon practice  is  to  allow  the  fuel  on  the  grate  to  be  in  a  great 
degree  burned  away,  and  then  to  heap  on  a  large  quantity  of 
fresh  fuel,  covering  over  with  it  the  burning  fuel  from  the 
back  to  the  front  of  the  grate.  When  this  is  done,  the  heat 
of  the  ignited  coal  acting  upon  the  fresh  fuel  introduced, 
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expels  the  gases  combined  with  it,  and,  mixed  with  these,  a 


F-^.  69 


quantity  of  carbon,  in  a  state  of  minute  division,  forming  an 
opaque  black  smoke.     This  is  carried  through  the  flues  and 


drawn  up  the  chimney.     The  consequence  is,  that  not  only  a 
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quantity  of  solid  fuel  is  sent  out  of  the  chimney  unconsumed, 
but  the  hydrogen  and  other  gases  also  escaped  unburned, 
and  a  proportional  waste  of  the  combustible  is  produced  ;  be- 
sides which,  the  nuisance  of  an  atmosphere  filled  with  smoke 
ensues.  Such  effects  are  visible  to  all  who  observe  the 
chimneys  of  steam  vessels,  while  the  engine  is  in  operation. 
"When  the  furnaces  are  thus  filled  with  fresh  fuel,  a  large 
volume  of  dense  black  smoke  is  observed  to  issue  from  the 
chimney.  This  gradually  subsides  as  the  fuel  on  the  grate 
is  ignited,  and  does  not  reappear  until  a  fresh  feed  is  in- 
troduced. 

The  former  method  of  feeding,  by  which  the  furnace 
would  be  made  to  consume  its  own  smoke,  and  the  com- 
bustion of  the  fuel  be  rendered  complete,  is  not  however  free 
from  counteracting  effects.  In  ordinary  furnaces  the  feed 
can  only  be  introduced  by  opening  the  fire-doors,  and  during 
the  time  the  fire-doors  are  opened  a  volume  of  cold  air  rushes 
in,  which  passing  through  the  furnace  is  carried  through  the 
flues  to  the  chimney.  Such  is  the  effect  of  this  in  lowering 
the  temperature  of  the  flues,  that  in  many  cases  the  loss  of 
heat  occasioned  is  greater  than  any  economy  of  fuel  obtained 
by  the  complete  consumption  of  smoke.  Various  methods, 
however,  may  be  adopted  by  which  fuel  may  be  supplied  to 
the  grate  without  opening  the  fire-doors,  and  without  dis- 
turbing the  supply  of  air  to  the  fire.  A  hopper  built  into 
the  front  of  the  furnace,  with  a  moveable  bottom  or  valve, 
by  which  coals  may  be  allowed  to  drop  in  from  time  to  time 
upon  the  front  of  the  grate,  would  accomplish  this. 

In  order  to  secure  the  combustion  of  the  gases  evolved 
from  the  coals  placed  in  the  front  of  the  grate,  it  is  necessary 
that  a  supply  of  atmospheric  air  should  be  admitted  with 
them  over  the  burning  fuel.  This  is  effected  by  small  aper- 
tures or  regulators,  provided  in  the  fire-doors,  governed  by 
sliding  plates,  by  which  they  may  be  opened  or  closed  to 
any  required  extent. 

(113.)  Dimensions  and  proportions  of  the  JoeYer.— What- 
ever be  the  form  of  boiler  used,  its  magnitude  and  propor- 
tions as  well  as  those  of  the  furnaces  and  their  appendages 
must  be  determined  by  the  rate  at  which  the  steam  is  re- 
quired to  be  produced,  and  in  some  degree   also    by  the 
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quality  of  the  fuel.  It  is  much  to  be  regretted,  that  the 
proportions  of  the  various  parts  of  steam  engines,  including 
their  boilers  and  furnaces,  have  not  been  determined  by 
any  exact  or  satisfactory  experiments.  Those  who  project 
and  manufacture  the  engines  themselves  are  not  less  in 
ignorance  on  those  points  than  others.  With  coals  of  the 
common  quality  a  certain  average  proportion  must  exist  be- 
tween the  magnitude  of  the  grate-surface  and  the  quantity 
of  water  to  be  evaporated  in  a  given  time  in  the  boiler. 
But  what  that  proportion  is  for  any  given  quality  of  fuel,  is 
at  present  unascertained.  Each  engine  maker  follows  his 
own  rule,  and  the  rule  thus  followed  is  in  most  cases  a 
matter  of  bare  conjecture,  unsupported  by  any  experimental 
evidence.  Some  engine  makers  will  allow  a  square  foot  of 
grate-surface  for  every  cubic  foot  of  water  per  hour,  which 
is  expected  to  be  evaporated  in  the  boiler ;  others  allow  only 
half  a  square  foot ;  and  practice  varies  between  these  limits. 
Bituminous  coals  which  melt  and  cake,  and  which  burn  with 
much  flame  and  smoke,  must  be  spread  more  thinly  on  the 
grate  than  other  descriptions  of  fuel,  otherwise  a  considerable 
quantity  of  combustible  gases  would  be  dismissed  into  the 
flues  unburnt.  Such  coals,  therefore,  other  circumstances 
being  the  same,  require  a  larger  portion  of  grate -surface; 
and  the  same  may  be  said  of  coals  which  produce  clinkers 
in  their  combustion,  and  form  lumps  of  vitrified  matter  on 
the  grate,  by  which  the  spaces  between  the  grate  bars  are 
speedily  closed  up.  When  such  fuel  is  used,  the  grate  bars 
require  to  be  frequently  raked  out,  otherwise  the  spaces 
between  them  being  obstructed,  the  draught  would  become 
insuflScient  for  the  due  combustion  of  the  fuel. 

To  facilitate  the  raking  out  of  the  grate,  the  bars  are 
placed  with  their  ends  towards  the  fire-door :  they  are  usually 
made  of  cast-iron,  from  two  to  two  inches  and  a  half  wide 
on  the  upper  surface,  with  intervals  of  nearly  half  an  inch 
between  them.  The  bars  taper  downwards,  their  under- 
surfaces  being  much  narrower  than  their  upper,  the  spaces 
between  them  thus  widening,  to  facilitate  the  fall  of  the 
ashes  between  them.  The  grate-bars  slope  downwards  from 
the  front  to  the  back.  The  height  of  the  centre  of  the 
bottom  of  the  boiler,  above  the  front  of  the  grate,  is  usually 
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about  two  feet,  and  about  three  feet  above  the  back  of  it 
The  concave  bottom  of  the  boiler,  however,  brings  its  sur- 
faces at  the  slide  closer  to  the  grate. 

Between  the  evaporating  power   of  the  boiler  and    the 
magnitude  of  surface  it  exposes  to  the  action  of  the  furnace, 
there  is  a  relation  which,  like  that  of  the  grate-surface,  has 
never  been  ascertained  by  any  certain  or  satisfactory  experi- 
mental investigation,  much  less  have  the  different  degrees 
of  efficiency  attending  different  parts  of  the  boiler-surface 
been  determined.     That  part  of  the  surface  of  the  boiler 
immediately  over  and  around  the  grate,  is  exposed  to  the 
immediate  radiation  of  the  burning  fuel,  and  is   therefore 
probably  the  most  efficient  in  the  production  of  steam.     The 
tendency  of  flame  and  heated  air  to  rise,   would  naturally 
bring  them  in  the  flues  into  closer  contact  with  those  parts 
of  the  boiler-surface  which  are  horizontal  in  their  position, 
and  which  form  the  tops  of  the  flues,  than  with  those  which 
are  lateral  or  vertical  in  their  position,  and  which  form  the 
sides  of  the  flues.     In  a  boiler  constructed  like  that  already 
described,  the  flue-surface  therefore,  which  would  be  most 
efficient,  would  be  the  concave  bottom  of  the  boiler  extending 
from  the  fire-bridge  to  its  remote  end.      In  some   boilers, 
especially  those  in  which  steam  of  high  pressure  is  produced, 
the  form  is  cylindrical,  the  middle  flue  being  formed  into  an 
elliptical  tube,  the  greater  axis  of  which  is  horizontal  from 
end  to  end  of  the  boiler.  It  seems  doubtful,  however,  whether 
in  such  a  boiler  the  heat  produces  any  useful  efiect  on  the 
water  below  the  flue,  the  water  above  being  always  at  a 
higher  temperature,  and  therefore  lighter  than  that  below, 
and  consequently  no  currents  being  established  between  the 
upper  and  lower  strata  of  the  water. 

It  was  considered  by  Mr.  Watt,  but  we  are  not  aware  on 
what  experimental  grounds,  that  from  eight  to  ten  square 
feet  of  heating  surface  were  sufficient  to  produce  the  eva- 
poration of  one  cubic  foot  of  water  per  hour.  The  practice 
of  engine  makers  since  that  time  has  been  to  increase  the 
allowance  of  heating  surface  for  the  same  rate  of  evapo- 
ration. Engine  builders  have  varied  very  much  in  this  re- 
spect, some  allowing  twelve,  fifteen,  and  even  eighteen  square 
feet  of  surface  for  the  same  rate  of  evaporation.     It  must,  i 
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however,  still  be  borne  in  mind,  that  whether  this  increased 
allowance  did  or  did  not  produce  the  actual  evaporation  im- 
puted to  it,  has  not  been,  as  far  as  we  are  informed,  ever 
accurately  ascertained.  The  production  of  a  given  rate  of 
evaporation  by  a  moderate  heat  diffused  over  a  larger  surface, 
rather  than  by  a  fiercer  temperature  confined  to  a  smaller 
surface,  is  attended  with  many  practical  advantages.  The 
plates  of  the  boiler  acted  upon  by  the  fire  are  less  exposed 
to  oxidation,  and  the  boiler  will  be  proportionally  more 
durable. 

Besides  presenting  to  the  action  of  the  fire  a  sufficient 
surface  to  produce  steam  at  the  required  rate,  the  capacity 
of  the  boiler  must  be  proportioned  to  the  quantity  of  water 
to  be  evaporated.  The  space  within  the  boiler  is  appropriated 
to  a  twofold  purpose:  1st,  To  contain  the  water  to  be  eva- 
porated ;  2dly,  To  contain  a  quantity  of  ready  made  steam 
for  the  supply  of  the  cylinder. 

If  the  space  appropriated  to  the  steam  did  not  bear  a  con- 
siderable proportion  to  the  magnitude  of  the  cylinder,  the 
momentary  expansion  of  the  steam  passing  to  the  cylinder 
from  the  boiler  at  each  stroke  would  reduce  the  pressure  of 
the  steam  in  a  great  proportion,  and  unless  the  pressure  in 
the  boiler  were  considerably  greater  than  that  which  the 
j  steam  is  intended  to  have  in  the  cylinder,  the  pressure  in  the 
latter  would  be  reduced  below  the  proper  amount. 

(114.)  Waste  of  heat  produced  by  priming.  —  The  water 
contained  in  the  boiler  being  maintained  in  a  state  of  violent 
ebullition,  a  spray  is  thrown  up  from  its  surface  which  is 
mixed  with  the  steam.  If  the  space  provided  above  the  water 
level  for  the  steam  have  not  sufficient  height  to  allow  this 
spray  to  subside,  it  will  be  drawn  with  the  steam  through 
the  steam  pipe  and  through  the  cylinder,  and  having  none  of 
the  mechanical  efficacy  of  steam,  will  thus  produce  an  ex- 
penditure of  heat  without  any  correspoHding  useful  effect. 
This  escape  of  water  unevaporated  in  the  form  of  spray 
through    the   pipes    and   cylinder   is   called   by   engineers, 

PRUUKG. 

In  forms  of  boilers,  such  for  example  as  those  of  locwnotive 
engines,  where  the  necessary  height  cannot  be  allowed  for 
the  steam  space,  expedients  are  contrived  for  separating  the 
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priming  from  the  steam  before  the  latter  reaches  the  steam 
pipe,  as  will  be  explained  hereafter. 

The  water  space  provided  in  the  boiler  should  bear  such 
a  ratio  to  its  rate  of  evaporation,  that  the  supply  of  the  feed 
at  a  comparatively  low  temperature  shall  not  unduly  chill 
the  water. 

(115.)  Average  dimensions  of  boilers  in  relation  to  their 
evaporating  poiner.  —  The  practice  of  constructors  of  steam 
engines  has  been  so  various  in  the  proportions  assigned  to 
boilers  in  relation  to  their  proposed  evaporating  power,  that 
it  is  impossible  to  give  an  average  estimate  of  them  which 
can  pretend  to  much  precision.  The  following  proportions, 
however,  are  adopted  very  extensively  among  steam  engine 
makers,  and,  subject  to  qualification  according  to  the  mag- 
nitude of  the  boiler  and  to  the  fuel  used,  may  be  taken  as 
a  fair  statement  as  applied  to  stationary  boilers  of  the  larger 
class :  — 

For  every  cubic  foot  of  water  to  be  evaporated  per  hour 
allow 

One  square  foot  of  grate  bar. 

Three  cubic  feet  of  furnace  space, 

One  square  yard  of  heating  surface. 

Ten  cubic  feet  of  water  space, 

Ten  cubic  feet  of  steam  space, 

Five  square  feet  of  water  surface. 

(116.)  Position  of  water  surface.  —  The  surface  of  the 
water  in  the  boiler  should  always  be  above  the  range  of 
the  flues.  When  the  heated  air  in  the  flues  acts  upon  a  part 
of  the  boiler  within  which  water  is  contained,  the  water 
within  receiving  an  increased  temperature  becomes,  bulk  for 
bulk,  lighter  than  the  strata  of  water  above  it,  and  ascends. 
It  is  replaced  by  the  descending  strata,  which,  in  their  turn 
receiving  increased  temperature,  rise  to  the  surface ;  or  if 
the  action  of  the  heat  convert  the  water  into  steam,  the  bub- 
bles of  steam  rise  to  the  surface,  fresh  portions  of  water  con- 
tinually coming  into  contact  with  the  boiler  plates  on  which 
the  heated  air  or  flame  acts.  By  this  process  the  boiler  plates 
are  continually  cooled,  either  by  being  successively  washed 
by  water  at  a  lower  temperature,  or  by  the  heat  taken  from 
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them  becoming  latent  in  the  steam  bubbles  formed  in  contact 
with  them.  But  if  the  heiit  act  upon  a  part  of  the  boiler 
containing  steam  within  it,  which  steam  being  a  slow  re- 
cipient of  heat,  and  no  currents  being  established,  nor  any 
phenomenon  produced  in  which  heat  is  rendered  latent,  the 
heat  of  the  fire  communicated  to  the  boiler  plates  accumulates 
in  them,  and  raises  their  temperature  to  an  injurious  degree. 
The  plates  may  by  this  means  be  softened,  so  as  to  cause  the 
boiler  to  burst,  or  the  ditTerence  between  the  expansion  of 
the  highly  heated  plates  thus  exposed  to  fire  in  contact  with 
steam  and  that  of  the  plates  which  are  cooled  by  contact  with 
water,  may  cause  the  joinings  of  the  boiler  plates  to  open, 
and  the  boiler  to  leak.  By  whatever  means,  therefore,  the 
boiler  be  fed,  care  should  be  taken  that  the  evaporation 
should  not  be  allowed  to  reduce  the  level  of  the  water  in  it 
below  the  highest  flue. 

(117.)  Methods  of  indicating  it.  —  As  the  water  by  which 
the  boiler  is  fed  must  always  have  a  much  lower  temperature 
than  that  at  which  the  boiler  is  maintained,  the  supply  of  the 
feed  will  have  a  constant  tendency  to  lower  the  temperature 
of  the  water,  and  tliis  tendency  will  be  determined  by  the 
proportion  between  the  magnitude  of  the  feed  and  the 
quantity  of  water  in  the  boiler. 

Since  it  is  requisite  that  the  level  of  the  water  in  the 
boiler  shall  not  suffer  any  considerable  change,  it  is  evident 
that  the  magnitude  of  the  feed  must  be  equal  to  the  quantity 
of  water  evaporated.  If  it  were  less,  the  level  of  the  water 
would  continually  fall  by  reason  of  the  excess  of  the  eva- 
poration over  the  feed  ;  and  if  it  were  greater,  the  level  would 
rise  by  the  accumulation  of  water  in  the  boiler.  If,  therefore, 
the  quantity  of  water  space  allowed  in  the  boiler  be  five 
times  the  volume  of  water  evaporated  per  hour,  the  quantity 
introduced  by  the  feed  per  hour,  whether  continuously  or  at 
intervals,  must  be  of  the  same  amount.  Since  the  process 
of  evaporation  is  continuous,  the  variation  of  level  of  water 
in  the  boiler  will  be  entirely  dependent  on  the  intervals 
between  the  successive  feeds.  If  the  feed  be  continuous, 
and  always  equal  to  the  evaporation,  then  the  level  of  the 
water  in  the  boiler  will  undergo  no  change ;  but  if  while 
the  evaporation  is  continuous  the  feed  be  made  at  intervals., 
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then  the  change  of  level  of  water  in  tlie  boiler  as  well  as  its 
change  of  temperature,  will  be  subject  to  a  variation  pro- 
portional to  the  intervals  between  the  successive  feeds.  It 
is  manifest,  therefore,  that  the  feed  should  either  be  uninter- 
rupted or  be  supplied  at  short  intervals,  so  that  the  change 
of  level  and  temperature  of  the  water  in  the  boiler  should 
not  be  considerable. 

(118.)  Water  gauges. — Different  methods  have  been,  from 
time  to  time,  suggested  for  indicating  the  level  of  the  water 
in  the  boiler.  We  have  already  mentioned  the  two  gauge- 
pipes  used  in  the  earlier  steam  engines  (22.),  and  which  are 
still  generally  continued.  There  are,  however,  some  other 
methods  which  merit  our  attention. 

A  weight  F  {Jig-  71.),  half  immersed  in  the  water  in  the 
Fiff.  71-  boiler,  is  supported  by  a  wire, 
which,  passing  steam-tight  through 
a  small  hole  in  the  top,  is  con- 
nected by  a  flexible  string  or  chain, 
passing  over  a  wheel  w,  with  a 
counterpoise  A,  which  is  just  suf- 
ficient to  balance  F  when  half  im- 
mersed. If  F  be  raised  above  the 
water,  a  being  lighter  will  no 
longer  balance  it,  and  f  will  de- 
scend pulling  up  A,  and  turning  the 
wheel  w.  If,  on  the  other  hand,  F 
be  plunged  deeper  in  the  water,  a  will  more  than  balance  it, 
and  will  pull  it  up,  so  that  the  only  position  in  which  f  and 
A  will  balance  each  other  is,  when  f  is  half  immersed.  The 
wheel  w  is  so  adjusted,  that  when  two  pins  placed  on  its  rim 
are  in  the  horizontal  position,  the  water  is  at  its  proper  level. 
Consequently  it  follows,  that  if  the  water  rise  above  this  level, 
the  weight  f  is  lifted  and  A  falls,  so  that  the  pins  come  into 
another  position.  If,  on  the  other  hand,  the  level  of  the 
water  fall,  f  falls  and  a  rises,  so  that  the  pins  assume  al 
different  position.  Thus,  in  general,  the  position  of  the  ' 
pins  becomes  an  indication  of  the  quantity  of  water  in  the 
boiler. 

Another  method  is  to  place  a  glass  tube  (^g.  72.),  with 
one  end  t  entering  the  boiler  above  the  proper  level,  and 
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the  other  end  t'  entering  it  below  the  proper  level.  It  must 
be  evident  that  the  water  in  the  tube 
will  alwajs  stand  at  the  same  level  as 
the  water  in  the  boiler,  since  the  lower 
part  has  a  free  communication  w^ith  that 
water,  while  the  surface  is  submitted  to 
the  pressure  of  the  same  steam  as  the 
water  in  the  boiler.  This  and  the  last- 
mentioned  gauge  have  the  advantage  of  addressing  the  eye 
of  the  engineer  at  once,  without  any  adjustment ;  whereas 
the  gauge-cocks  must  be  both  opened,  whenever  the  depth  is 
to  be  ascertained. 

These  gauges,  however,  require  the  frequent  attention  of 
the  engine-man  ;  and  it  becomes  desirable  either  to  find  some 
more  effectual  means  of  awakening  that  attention,  or  to 
render  the  supply  of  the  boiler  independent  of  any  attention. 
In  order  to  enforce  the  attention  of  the  engine-man  to 
replenish  the  boiler  when  partially  exhausted  by  evapora- 
tion, a  tube  was  sometimes  inserted  at  the  lowest  level  to 
which  it  was  intended  that  the  water  should  be  permitted  to 
fall.  This  tube  was  conducted  from  the  Iwiler  into  the  engine- 
house,  where  it  terminated  in  a  mouth-piece  or  whistle,  so 
that  whenever  the  water  fell  below  the  level  at  which  this 
tube  was  inserted  in  tlie  boiler,  the  steam  would  rush 
through  it,  and  issuing  with  great  velocity  at  the  mouth- 
piece, would  summon  the  engineer  to  his  duty  with  a  call 
that  would  rouse  him  even  from  sleep. 

(119.)  Self-acting  feeders.  —  In  the  most  effectual  of  these 
methods,  the  task  of  replenishing  the  boiler  must  still  be 
executed  by  the  engineer ;  and  the  utmost  that  the  boiler 
itself  was  made  to  do,  was  to  give  due  notice  of  the  necessity 
for  the  supply  of  water.  The  consequence  was,  amonc 
other  inconveniencies,  that  the  level  of  the  water  was  subject 
to  constant  variation. 

To  remedy  this  a  method  has  been  invented,  by  which  the 
engine  is  made  to  feed  its  own  boiler.  The  pipe  G  {fig.  73.), 
which  leads  from  the  hot  water  pump,  terminates  in  a  small 
cistern  c  in  which  the  water  is  received.  In  the  bottom  of 
this  cistern,  a  valve  v  is  placed,  which  opens  upwards  and 
communicates   with  a  feed  pipe,  which  descends  into  the 
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boiler  below  the  level  of  the  water  in  it.     The  stem  of  the 
valve  V  is  connected  with  a  lever  turning  on  the  centre  d, 


Fig.  7S. 


and  loaded  with  a  weight  f 
dipped  in  the  water  in  the 
boiler  in  a  manner  similar  to 
that  described  in  Jig.  71.,  and 
balanced  by  a  counterpoise  A 
in  exactly  the  same  way. 
When  the  level  of  the  water 
in  the  boiler  falls,  the  float  F 
falls  with  it,  and  pulling 
down  the  arm  of  the  lever 
raises  the  valve  v,  and  lets 
the  water  descend  into  the 
boiler  from  the  cistern  c. 
When  the  boiler  has  thus 
been  replenished,  and  the  level  raised  to  its  former  place,  F 
will  again  be  raised,  and  the  valve  v  closed  by  the  weight  A. 
In  practice,  however,  the  valve  v  adjusts  itself  by  means  of 
the  effect  of  the  water  on  the  weight  f,  so  as  to  permit  the 
water  from  the  feeding  cistern  c  to  flow  in  a  continued  stream, 
just  sufficient  in  quantity  to  supply  the  consumption  from 
evaporation,  and  to  maintain  the  level  of  the  water  in  the 
boiler  constantly  the  same. 

By  this  arrangement  the  boiler  is  made  to  replenish  itself, 
or,  more  properly  speaking,  it  is  made  to  receive  such  a 
supply,  as  that  it  never  wants  replenishing,  an  effect  which 
no  effort  of  attention  on  the  part  of  an  engine-man  could 
produce.  But  this  is  not  the  only  good  effect  produced  by 
this  contrivance.  A  part  of  the  steam  which  originally  left 
the  boiler,  and  having  discharged  its  duty  in  moving  the 
piston  was  condensed  and  reconverted  into  water,  and  lodged 
by  the  air-pump  in  the  hot  well  {Jig.  73.),  is  here  again 
restored  to  the  source  from  which  it  came,  bringing  back  all 
the  unconsumed  portion  of  its  heat  preparatory  to  being  once 
more  put  in  circulation  through  the  machine. 

The  entire  quantity  of  hot  water  pumped  into  the  cistern 
C  is  not  always  necessary  for  the  boiler.  A  waste  pipe  may 
be  provided  for  carrying  off"  the  surplus,  which  may  be 
turned  to  any  purpose  for  which  it  may  be  required ;    or  it 
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may  be  discharged  into  a  cistern  to  cool,  preparatory  to 
being  restored  to  the  cold  cistern,  in  case  water  for  the 
supply  of  that  cistern  be  not  sufficiently  abundant. 

Another  method  of  arranging  a  self-regulating  feeder  is 
shown  in  Jig.  74.     a  is  a  hollow  ball  of  metal  attached  to  the 


end  of  a  lever,  whose  fulcrum  is  at  b.  The  other  arm  of  the 
lever  c  is  connected  with  the  stem  of  a  spindle  valve,  com- 
municating with  a  tube  which  receives  water  from  the  feed- 
ing cistern.  Thus,  when  the  level  of  the  water  in  the  boiler 
subsides,  the  ball  a  preponderating  over  the  weight  of  the 
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opposite  arm,  the  lever  falls,  the  arm  c  rises  and  opens  the 
valve,  and  admits  the  feeding  water.  This  apparatus  will 
evidently  act  in  the  same  manner  and  on  the  same  principles 
as  that  already  described. 

(120.)  Mercurial  steam  gauge.  —  It  is  necessary  to  have 
a  ready  method  of  ascertaining  at  all  times  the  pressure  of 
the  steam  which  is  used  in  working  the  engine.  For  this 
purpose  a  bent  tube  containing  mercury  is  inserted  into  some 

part  of  the  apparatus,  which  has 
free    communication   with   the 
p,-    75_  steam.    Let  A  b  c  {Jig-  75.),  be 

such  a  tube.  The  pressure  of 
the  steam  forces  the  mercury 
down  in  the  leg  A  B,  and  up  in 
the  leg  B  c.  If  the  mercury 
in  both  legs  be  at  exactly  the 
same  level,  the  pressure  of  the 
steam  must  be  exactly  equal  to 
that  of  the  atmosphere ;  because 
the  steam  pressure  on  the  mer- 
cury in  A  B  balances  the  atmo- 
spheric pressure  on  the  mercury 
in  B  c.  If,  however,  the  level 
of  the  mercury  in  b  c  be  above 
the  level  of  the  mercury  in  b  a, 
the  pressure  of  the  steam  will 
exceed  that  of  the  atmosphere. 
The  excess  of  its  pressure  above  that  of  the  atmosphere  may 
be  found  by  observing  the  difference  of  the  level  of  the 
mercury  in  the  tubes  b  c  and  b  a,  allowing  a  pressure  of 
one  pound  on  each  square  inch  for  every  two  inches  in  the 
difference  of  the  levels. 

If,  on  the  contrary,  the  level  of  the  mercury  in  b  c  should 
fall  below  its  level  in  A  b,  the  atmospheric  pressure  will 
exceed  that  of  the  steam,  and  the  quantity  of  the  excess  may 
be  ascertained  exactly  in  the  same  way. 

If  the  tube  be  glass,  the  difference  of  levels  of  the  mercury 
would  be  visible  ;  but  it  is  most  commonly  made  of  iron ; 
and,  in  order  to  ascertain  the  level,  a  thin  wooden  rod  with 
a  float  is  inserted  in  the  open  end  of  b  c,  so  that  the  portion 
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of  the  stick  within  the  tube  indicates  the  distance  of  the  level 
of  the  mercury  from  its  mouth.  A  bulb  or  cistern  of  mer- 
cury might  be  substituted  for  the  leg  A  B,  as  in  the  common 
barometer.     This  instrument  is  called  the  steam  gauge. 

If  the  steam  gauge  be  used  as  a  measure  of  the  strength 
of  the  steam  which  presses  on  the  piston,  it  ought  to  be  on 
the  same  side  of  the  throttle  valve  (which  is  regulated  by  the 
governor)  as  the  cylinder ;  for  if  it  were  on  the  same  side  of 
the  throttle  valve  with  the  boiler,  it  would  not  be  aflFected  by 
the  changes  which  the  steam  may  undergo  in  passing  through 
the  throttle  valve,  when  partially  closed  by  the  agency  of  the 
governor. 

For  boilers  in  which  steam  of  very  high  pressure  is  used, 
as  in  those  of  locomotive  engines,  a  steam  gauge,  constructed 
on  the  above  principle,  would  have  inconvenient  or  imprac- 
ticable length.  In  such  boilers  the  pressure  of  the  steam  is 
equal  to  four  or  five  times  that  of  the  atmosphere,  to  indi- 
cate which  the  column  of  mercury  in  the  steam  gauge  would 
be  four  or  five  feet  in  height.  In  such  cases  a  thermo- 
meter gauge  may  be  used  with  advantage.  The  principle  of 
this  gauge  is  founded  on  the  fact,  that  between  the  pressure 
and  temperature  of  steam  produced  in  contact  with  water 
there  is  a  fixed  relation,  the  same  temperature  always  cor- 
responding to  the  same  pressure.  If,  therefore,  a  thermo- 
meter be  immersed  in  the  boiler  which  shall  show  the  tempe- 
rature of  the  steam,  a  scale  may  be  attached  'to  it,  on  which 
shall  be  engraved  the  corresponding  pressures.  Such  gauges 
are  now  very  generally  used  on  locomotive  engines. 

(121.)  Barometer  gauge.  —  The  force  with  which  the 
piston  is  pressed  depends  on  two  things,  1st,  the  actual 
strength  of  the  steam  which  presses  on  it ;  and,  2ndly,  on  the 
actual  strength  of  the  vapour  which  resists  it.  For  although 
the  vacuum  produced  by  the  method  of  separate  condensation 
be  much  more  perfect  than  what  had  been  produced  in  the 
atmospheric  engines,  yet  still  some  vapour  of  a  small  degree 
of  elasticity  is  found  to  be  raised  from  the  hot  water  in  the 
bottom  of  the  condenser  before  it  can  be  extracted  by  the 
air-pump.  One  of  these  pressures  is  indicated  by  the  steam- 
gauge  already  described ;  but  still,  before  we  can  estimate 
the  force  with  which  the  piston  descends,  it  is  necessary  to 
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ascertain  the  force  of  the  vapour  which  remains  uncondensed, 
and  resists  the  motion  of  the  piston.  Another  gauge,  called 
the  barometer  gauge,  is  provided  for  this  purpose.  A  glass 
Fiq.  76.  twhe.  A  B  {fig.  76.),  more  than  thirty  inches  long 
==,  and  open  at  both  ends,  is  placed  in  an  upright  or 

•^=1^  vertical  position,  having  the  low^er  end  b  immersed 
J  1 1  in  a  cistern  of  mercury  c.  To  the  upper  end  is 
attached  a  metal  tube,  which  communicates  with 
the  condenser,  in  which  a  constant  vacuum,  or 
rather  high  degree  of  rarefaction,  is  sustained. 
The  same  vacuum  must  therefore  exist  in  the  tube 
A  B,  above  the  level  of  the  mercury,  and  the  atmo- 
sphei'ic  pressure  on  the  surface  of  the  mercury  in 
the  cistern  c  will  force  the  mercury  up  in  the  tube 
'*'*^'  A  B,  until  the  column  which  is  suspended  in  it  is 
equal  to  the  difference  between  the  atmospheric  pressure  and 
the  pressure  of  the  uncondensed  steam.  The  difference  be- 
tween the  column  of  mercury  sustained  in  this  instrument 
and  in  the  common  barometer,  will  determine  the  strength 
of  the  uncondensed  steam,  allowing  a  force  proportional  to 
one  pound  per  square  inch  for  every  two  inches  of  mercury 
in  the  difference  of  the  two  columns.  In  a  well-constructed 
engine  which  is  in  good  order,  there  is  very  little  difference 
between  the  altitude  in  the  barometer  gauge  and  the  common 
barometer. 

(122.)  Method  of  computing  the  effective  pressure  on  the 
pisto7i.  —  To  compute  the  force  with  which  the  piston  de- 
scends, thus  becomes  a  very  simple  arithmetical   process. 
First,  ascertain  the  difference  of  the  levels  of  the  mercury  in 
the  steam  gauge ;  this  gives  the  excess  of  the  steam  pressure 
above  the  atmospheric  pressure.     Then  find  the  height  of 
the  mercury  in  the  barometer  gauge ;  this  gives  the  excess  , 
of  the  atmospheric  pressure  above  the  uncondensed  steam.  J 
Hence,  if  these  two  heights  be  added  together,   we  shall 
obtain  the  excess  of  the  impelling  force  of  the  steam  from 
the  boiler,  on  the  one  side  of  the  piston,  above  the  resistance 
of  the  uncondensed  steam  on  the  other  side ;  this  will  give 
the  effective  impelling  force.     Now,  if  one  pound  be  allowed 
for  every  two  inches  of  mercury  in  the  two  columns  justj 
mentioned  we  shall  have  the  number  of  pounds  of  impelling] 
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pressure  on  every  square  inch  of  the  piston.  Then,  if  the 
number  of  square  inches  in  the  section  of  the  piston  be  found, 
and  multiplied  by  the  number  of  pounds  on  each  square  inch, 
the  force  with  which  it  moves  will  be  obtained. 

From  what  we  have  stated  it  appears,  that,  in  order  to 
estimate  the  force  with  which  the  piston  is  urged,  it  is  ne- 
cessary to  refer  to  both  the  barometer  and  the  steam  gauge. 
This  double  computation  may  be  obviated  by  making  one 
gauge  serve  both  purposes.  If  the  end  c  of  the  steam  gauge 
(^fig.  75.),  instead  of  communicating  with  the  atmosphere, 
were  continued  to  the  condenser,  we  should  have  the  pres- 
sure of  the  steam  acting  upon  the  mercury  in  the  tube  b  a, 
and  the  pressure  of  the  uncondensed  vapour  which  resists  the 
piston  acting  on  the  mercury  in  the  tube  B  c.  Hence  the 
difference  of  the  levels  of  the  mercury  in  the  tubes  would  at 
once  indicate  the  difference  between  the  force  of  the  steam 
and  that  of  the  uncondensed  vapour,  which  is  the  effective 
force  with  which  the  piston  is  urged. 

(123.)  Condensation  not  instantaneous. — But  these  methods 
of  determining  the  effective  force  by  which  the  piston  is 
urged,  can  only  be  regarded  as  approximations,  and  not  very 
perfect  ones.  If  the  condensation  of  steam  on  one  side  of 
the  piston  were  instantaneously  effected,  or  the  uncondensed 
vapour  were  of  the  same  tension  during  the  whole  stroke ; 
and  if,  besides  this,  the  pressure  of  steam  on  the  piston  were 
of  uniform  intensity  from  the  beginning  to  the  end  of  the 
stroke,  then  the  steam  and  barometer  gauges  taken  together 
would  become  an  accurate  index  of  the  effective  force  of 
steam  on  the  piston  :  but  such  is  not  the  case.  "When  the 
steam  is  first  admitted  through  the  steam  valve  it  acts  on  the 
piston  with  a  pressure  which  is  first  slightly  diminished,  and 
afterwards  a  little  increased,  until  it  arrives  at  that  part  of 
the  stroke  at  which  the  steam  valve  is  closed,  after  which 
the  pressure  is  diminished.  The  pressure,  therefore,  urging 
the  piston  is  subject  to  variation ;  but  the  pressure  of  the 
uncondensed  vapour  on  the  other  side  of  the  piston  is  subject 
to  still  greater  change.  At  the  moment  the  exhausting  valve 
is  opened,  the  piston  is  relieved  from  the  pressure  upon  it  by 
the  commencement  of  the  condensation ;   but  this  process 
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during  the  descent  of  the  piston  is  gradual,  and  the  vacuum 
is  rendered  more  and  more  perfect,  until  the  piston  has  nearly 
attained  the  limit  of  its  play.  These  variations  both  as  well 
of  the  force  urging  the  piston  as  of  the  force  resisting  it,  are 
such  as  not  to  be  capable  of  being  accurately  measured  by  a 
mercurial  column,  since  they  would  produce  oscillations  in 
such  a  column,  which  would  render  any  observations  of  its 
mean  height  impracticable. 

(124.)  Watt's  indicator.  —  To  measure  the  mean  efficient 
force  of  the  piston,  taking  into  account  these  circumstances, 
Mr.  Watt  invented  an  instrument,  which,  like  all  his  me- 
chanical inventions,  has  answered  its  purpose  perfectly,  and 
is  still  in  general  use.  This  instrument,  called  an  indicator, 
consists  of  a  cylinder  of  about  If  inch  in  diameter,  and  8 
inches  in  length.  It  is  bored  with  great  accuracy,  and  fitted 
with  a  solid  piston  moving  steam-tight  in  it  with  very  little 
friction.  The  rod  of  this  piston  is  guided  in  the  direction  of 
the  axis  of  the  cylinder  through  a  collar  in  the  top,  so  as  not 
to  be  subject  to  friction  in  any  part  of  its  play.  At  the 
bottom  of  the  cylinder  is  a  pipe  governed  by  a  stop-cock  and 
turned  in  a  screw,  by  which  the  instrument  may  be  screwed 
on  the  top  of  the  steam  cylinder  of  the  engine.  In  this 
position,  if  the  stop-cock  of  the  indicator  be  opened,  a  free 
communication  will  be  made  between  the  cylinder  of  the 
indicator  and  that  of  the  engine.  The  piston  rod  of  the 
indicator  is  attached  to  a  spiral  spring,  which  is  capable  of 
extension  and  compression,  and  which  by  its  elasticity  is 
capable  of  measuring  the  force  which  extends  or  compresses 
it  in  the  same  manner  as  a  spring  steel-yard  or  balance.  If 
a  scale  be  attached  to  the  instrument  at  any  point  on  the 
piston  rod  to  which  an  index  might  be  attached,  then  the 
position  of  that  index  upon  the  scale  would  be  governed  by 
the  position  of  the  indicator  piston  in  its  cylinder.  If  any 
force  pressed  the  indicator  piston  upwards,  so  as  to  compress 
the  spring,  the  index  would  rise  upon  the  scale  ;  and  if,  on  ' 
the  other  hand,  a  force  pressed  the  indicator  piston  down- 
wards, then  the  spiral  spring  would  be  extended,  and  the 
index  on  the  piston  rod  descend  upon  the  scale.  In  each 
case  the  force  of  the  spring,  whether  compressed  or  extended, 
would  be  equal  to  the  force  urging  the  indicator  piston,  and  i 
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the  scale  might  be  so  divided  as  to  show  the  amount  of  this 
force. 

Now  let  the  instrument  be  supposed  to  be  screwed  upon 
the  top  of  the  cylinder  of  a  steam  engine,  and  the  stop -cock 
opened  so  as  to  leave  a  free  communication  between  the 
cylinder  of  the  indicator  below  its  piston  and  the  cylinder  of 
till  -igine  above  the  steam  piston.     At  the  moment 

th  cam  valve  is  opened,  the  steam  rushing  in  upon 

til'.-  ^ttam  piston  will  also  pass  into  the  indicator,  and  press 
the  indicator  piston  upwards :  the  index  upon  its  piston  rod 
will  point  upon  the  scale  to  the  amount  of  pressure  thus 
exerted.  As  the  steam  piston  descends,  the  indicator  piston 
will  vary  its  position  with  the  varying  pressure  of  the  steam 
in  tlie  cylinder,  and  the  index  on  the  piston  rod  will  play 
upon  the  scale,  so  as  to  show  the  pressure  of  the  steam  at 
each  point  during  the  descent  of  the  piston. 

If  it  were  possible  to  observe  and  record  the  varying 
positions  of  the  index  on  the  piston  rod  of  the  indicator,  and 
to  refer  each  of  these  varying  positions  to  the  corresponding 
point  of  the  descending  stroke,  we  should  then  be  able  to 
declare  the  actual  pressure  of  the  steam  at  every  point  of  the 
stroke.  But  it  is  evident  that  such  an  observation  would 
not  be  practicable.  A  method,  however,  was  contrived  by 
Mr.  Southern,  an  assistant  of  Messrs.  Boulton  and  Watt,  by 
which  this  is  perfectly  effected.  A  square  piece  of  paper,  or 
card,  is  stretched  upon  a  board,  which  slides  in  grooves 
formed  in  a  frame.  This  frame  is  placed  in  a  vertical  posi- 
tion near  the  indicator,  so  that  the  paper  may  be  moved  in  a 
horizontal  direction  backwards  and  forwards,  through  a  space 
of  fourteen  or  fifteen  inches.  Instead  of  an  index,  a  pencil 
is  attached  to  the  indicator  of  the  piston  rod  :  this  pencil  is 
lightly  pressed  by  a  spring  against  the  paper  above  mentioned, 
and  as  the  paper  is  moved  in  a  horizontal  direction,  the  pencil 
would  trace  upon  it  a  line.  If  the  pencil  were  stationary,  this 
line  would  be  straight  and  horizontal,  but  if  the  pencil  were 
subject  to  a  vertical  motion,  the  line  traced  on  the  paper 
moved  under  the  pencil  horizontally  would  be  a  curve,  the 
form  of  which  would  depend  on  the  vertical  motion  of  the 
penciL  The  board  thus  supporting  the  paper  is  put  into 
connection  by  a  light  cord  carried  over  pulleys  with  some 
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part  of  tlie  parallel  motion,  by  which  it  is  alternately  moved 
to  the  right  and  to  the  left.  As  the  piston  ascends  or  descends, 
the  whole  play  of  the  board  in  the  horizontal  direction  will 
therefore  represent  the  length  of  the  stroke,  and  every 
fractional  part  of  that  play  will  correspond  to  a  proportional 
part  of  the  stroke  of  the  steam  piston. 

The  apparatus  being  thus  arranged,  let  us  suppose  the 
steam  piston  at  the  top  of  the  cylinder  commencing  its  de- 
scent. As  it  descends,  the  pencil  attached  to  the  indicator 
jjiston  rod  varies  its  height  according  to  the  varying  pressure 
of  the  steam  in  the  cylinder.  At  the  same  time  the  paper  is 
moved  uniformly  under  the  pencil,  and  a  curved  line  is 
traced  upon  it  from  right  to  left.  When  the  piston  has 
reached  the  bottom  of  the  cylinder,  the  upper  exhausting 
valve  is  opened,  and  the  steam  drawn  off  to  the  condenser. 
The  indicator  piston  being  immediately  relieved  from  a  part 
of  the  pressure  acting  upon  it  descends,  and  with  it  the 
pencil  also  descends ;  but  at  the  same  time  the  steam  piston 
has  begun  to  ascend,  and  the  paper  to  return  from  left  to 
right  under  the  pencil.  While  the  steam  piston  continues  to 
ascend,  the  condensation  becomes  more  and  more  perfect, 
and  the  vacuum  in  the  cylinder,  and  therefore  also  in  the 
indicator,  being  gradually  increased  in  power,  the  atmospheric 
pressure  above  the  indicator  piston  presses  it  downwards  and 
stretches  the  spring.  The  pencil  meanwhile,  with  the  paper 
moving  under  it  from  right  to  left,  traces  a  second  curve. 
As  the  former  curve  showed  the  actual  pressure  of  the  steam 
impelling  the  piston  in  its  descent,  this  latter  will  show  the 
pressure  of  the  uncondensed  steam  resisting  the  piston  in  its 
ascent,  and  a  comparison  of  the  two  will  exhibit  the  effective 

Fig.  11. 
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would  be  produced  by  this  instrument,  abc  is  the  curve 
traced  by  the  pencil  during  the  descent  of  the  piston,  and  c  D  E 
that  during  its  ascent,  a  is  the  position  of  the  pencil  at  the 
moment  the  piston  commences  its  descent,  n  is  its  pusition  at 
the  middle  of  the  stroke,  and  c  at  the  termination  oJ'  the 
stroke.  On  closing  the  upper  steam  valve  and  closing  the 
exhausting  valve,  the  indicator  piston  being  gradually  re- 
lieved from  the  pressure  of  the  steam,  the  pencil  descends, 
and  at  the  same  time  the  paper  moving  from  left  to  right, 
the  pencil  traces  the  curve  cde,  the  gradual  descent  of  this 
curve  showing  the  progressive  increase  of  the  vacuum.  As 
the  atmospheric  pressure  constantly  acts  above  the  piston  of 
the  indicator,  its  position  will  be  determined  by  the  ditierence 
between  the  atmospheric  pressure  and  the  pressure  of  the 
steam  below  it ;  and  therefore  the  difference  between  the 
heights  of  the  pencil  at  corresponding  points  in  the  ascending 
and  descending  stroke,  will  express  the  difference  between 
the  pressure  of  the  steam  impelling  the  piston  in  the  ascent 
and  resisting  it  in  the  descent  at  these  points.  Thus,  at  the 
middle  of  the  stroke,  the  line  b  d  will  express  the  extent  to 
which  the  spring  governing  the  indicator  piston  would  be 
stretched  by  the  difference  between  the  force  of  steam  im- 
pelling the  piston  at  the  middle  of  the  descending  stroke,  and 
the  force  of  steam  resisting  it  at  the  middle  of  tlie  ascending 
Stroke.  The  force,  therefore,  measux'ed  by  the  line  bd  will 
be  the  effective  force  on  the  piston  at  that  point,  and  the 
same  may  be  said  of  every  part  of  the  diagram  produced  by 
the  indicator. 

The  whole  mechanical  effect  produced  by  the  stroke  of  the 
piston  being  composed  of  the  aggregate  of  all  its  varying 
effects  throughout  the  stroke,  the  determination  of  its  amount 
is  a  matter  of  easy  calculation  by  the  measurement  of  the  dia- 
gram supplied  by  the  indicator.  Let  the  horizontal  play  of 
the  pencil  from  a  to  c  be  divided  into  any  proposed  number 
of  equal  parts,  say  ten  :  at  the  middle  of  the  stroke,  B  d  ex- 
presses the  effective  force  on  the  piston  ;  and  if  this  be  con- 
sidered to  be  uniform  through  the  tenth  part  of  the  stroke, 
as  fromy  to  g,  then  the  number  of  pounds  expressed  by  b  d 
multiplied  by  the  tenth  part  of  the  stroke  expressed  in  parts 
Itf  a  foot,  will  be  the  mechanical  effect  through  that  part  of 
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the  stroke  expressed  in  pounds'  weight  raised  one  foot.  In 
like  manner  m  n  will  express  the  effective  force  on  the  piston 
after  three-fourths  of  the  stroke  have  been  performed,  and 
if  this  be  multiplied  by  a  tenth  part  of  the  stroke  as  before, 
the  mechanical  effect  similarly  expressed  will  be  obtained ; 
and  the  same  process  being  applied  to  every  successive  tenth 
part  of  the  stroke,  and  the  numerical  results  thus  obtained 
being  added  together,  the  whole  effect  of  the  stroke  will  be 
obtained,  expressed  in  pounds'  weight  raised  one  foot. 

By  means  of  the  indicator,  the  actual  mechanical  effect 
produced  by  each  stroke  of  the  engine  can  be  obtained,  and 
if  the  actual  number  of  strokes  made  in  any  given  time  be 
known,  tlie  whole  effect  of  the  moving  power  would  be  de- 
termined. An  instrument  called  a  counter  was  also  con- 
trived by  Watt,  to  be  attached  either  to  the  working  beam, 
or  to  any  other  reciprocating  part  of  the  engine.  This  in- 
strument consisted  of  a  train  of  wheel- work  with  governing 
hands,  or  indices  moved  upon  divided  dials,  like  the  hand  of 
a  clock.  A  record  of  the  strokes  was  preserved  by  means 
precisely  similar  to  those  by  which  the  hands  of  a  clock  or 
timepiece  indicated  and  recorded  the  number  of  vibrations 
of  the  pendulum  or  balance  wheel. 

(125.)  Safety  valve.  —  To  secure  the  boiler  from  acci- 
dents arising  from  the  steam  contained  in  it  acquiring  an 
undue  pressure,  a  safety  valve  is  used,  similar  in  principle 
to  those  adopted  in  the  early  engines.  This  valve  is  repre- 
sented in  Jig.  67.  at  N.  It  is  a  conical  valve,  kept  down  by 
a  weight  sliding  on  a  rod  upon  it.  When  the  pressure  of 
the  steam  overcomes  the  force  of  this  weight,  it  raises  the 
valve  and  escapes,  being  canned  off  through  the  tube. 

With  a  view  to  the  economy  of  heat,  this  waste  steam 
tube  is  sometimes  conducted  into  the  feeding  cistern,  where 
the  steam  carried  off  by  it  is  condensed,  and  heats  the  feed- 
ing water. 

The  magnitude  of  the  safety  valve  should  be  such  that, 
when  open,  steam  should  be  capable  of  passing  through  it  as 
rapidly  as  it  is  generated  in  the  boiler.  The  superficial  mag- 
nitude, therefore,  of  such  valves  must  be  proportional  to  the 
evaporating  power  of  the  boiler.  In  low  pressure  boilers  the 
steam  is  generally  limited  to  five  or  six  pounds'  pressure  per 
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square  inch,  and  consequently  the  load  over  the  safety  valve 
in  pounds  would  be  found  by  multiplying  the  superficial 
magnitude  of  its  smallest  part  by  these  numbers.  In  boilers 
in  which  the  steam  is  maintained  at  a  higher  pressure,  it 
would  be  inconvenient  to  place  upon  the  safety  valve  the 
necessary  weight.  In  such  cases  a  lever  is  used,  the  shorter 
arm  of  which  presses  down  the  valve,  and  the  longer  arm  ia 
held  down  by  a  weight  capable  of  adjustment,  so  that  the 
pressure  on  the  valve  may  be  regulated  at  discretion.  Two 
safety  valves  should  be  provided  on  all  boilers,  one  of  which 
should  be  locked  up,  so  that  the  persons  in  care  of  the  engine 
should  have  no  jwwer  to  increase  the  load  upon  it.  In  such 
case,  however,  it  is  necessary  that  a  handle  connected  with 
the  valve  should  project  outside  the  box  containing  it,  so* 
that  it  may  always  be  possible  for  the  engineer  to  ascertain 
that  the  valve  is  not  locked  in  its  seat,  a  circumstance  which 
is  liable  to  happen. 

Sometimes  also  two  safety  valves  are  provided,  one  loaded 
a  little  heavier  than  the  other.  The  escape  of  steam  from 
the  lighter  valve  in  this  case  gives  notice  to  the  engine-man 
of  the  growing  increase  of  pressure,  and  warns  him  to  check 
the  production  of  steam.  The  lever  by  which  the  safety 
valve  is  held  down  is  sometimes  acted  on  by  a  spiral  spring, 
capable  of  being  so  adjusted  as  to  produce  any  required 
pressure  on  the  valve.  This  arrangement  is  adopted  in 
locomotive  engines,  where  steam  of  very  high  pressure  is 
used ;  and  in  such  cases  also  there  are  always  provided 
two  such  valves,  one  of  which  cannot  be  increased  in  its 
pressure. 

The  pipe  by  which  the  boiler  is  fed  with  water  will  ne- 
cessarily act  as  a  safety  valve ;  for  when  the  pressure  of  the 
steam  increases  in  an  undue  degree,  it  will  press  the  water 
in  the  boiler  up  through  the  feed  pipe,  so  as  to  discharge  it 
into  the  feed  cistern,  a  circumstance  which  would  imme- 
diately give  notice  of  the  internal  state  of  the  boiler.  The 
steam  gauge,  already  described  (y?^.  75.),  would  also  act  as  a 
safety  valve  ;  for  if  the  pressure  of  steam  in  the  boiler  should 
be  so  augmented  as  to  blow  the  mercury  out  of  the  steam- 
gauge,  the  steam  would  then  issue  through  the  gauge,  and 
the  pressure  of  the  boiler  be  reduced,  provided  that  the 
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magnitude  of  the  tube  forming  the  steam  gauge  were  suffi- 
cient for  this  purpose. 

(126.)  Fusible  plugs.  —  In  high  pressure  boilers  which 
are  exposed  to  extreme  temperatures  and  pressures,  and 
which  are  therefore  subject  to  danger  of  explosion,  a  plug  of 
metal  is  sometimes  inserted,  which  is  capable  of  being  fused 
at  a  temperature  above  which  the  boiler  should  not  be  per- 
mitted to  be  raised.  If  the  pressure  of  steam  increase  be- 
yond the  proper  limit,  the  temperature  of  the  water  and 
steam  will  undergo  a  corresponding  increase ;  and  if  the 
metal  of  the  plug  be  capable  of  being  fused  at  such  a  tem- 
perature, the  plug  will  fall  out  of  the  boiler,  and  the  steam 
and  water  will  issue  from  it.  Various  alloys  of  metal  are 
'fusible  at  temperatures  sufficiently  low  for  this  purpose. 
An  alloy  composed  of  one  part  of  lead,  three  of  tin,  and  five 
of  bismuth,  will  fuse  at  the  common  temperature  of  boiling 
water  ;  and  alloys  of  the  same  metals,  in  various  proportions, 
will  fuse  at  diffigrent  temperatures  from  200°  to  400°. 

Although  fusible  plugs  may  be  used,  in  addition  to  other 
means  of  insuring  safety,  they  ought  not  to  be  exclusively 
relied  on  at  the  ordinary  working  pressure  of  the  boiler.  The 
fusible  plug  ought  to  be  capable  of  more  than  resisting  the 
pressure  ;  but  if  it  be  so,  its  point  of  fusion  would  be  one 
at  which  the  steam  would  have  a  pressure  of  at  least  two 
atmospheres  above  its  working  pressure.  The  plug  would 
therefore  be  capable  of  being  fused  only  as  soon  as  the  steam 
would  acquire  a  pressure  of  thirty  pounds  per  inch  above  its 
regular  working  pressure. 

(127.)  Their  inefficiency.  —  Practical  authorities  affirm 
that  plugs  of  fusible  metal  inserted  in  boilers  to  prevent  ex- 
plosions are  inefficient.  It  is  said  that  the  constituents  of 
the  compound  metal  being  fusible  at  different  temperatures, 
the  more  fusible  will  be  melted  first,  and  will  be  forced  by 
the  pressure  of  the  steam  through  the  interstices  of  the  less 
fusible,  its  place  being  speedily  filled  by  the  solid  matter  which 
the  water  holds  suspended.  The  plug  thus  acquires  a  com- 
position and  properties  different  from  those  which  it  origi- 
nally had,  and  ceases  to  be  fusible.* 

How  far  this  is   mere  matter  of  opinion  and  theoretical 

*  Steam  Engine,  by  Artisan  Club,  p.  83. 
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conjecture  does  not  appear.  The  author,  however,  admits 
that  leaden  plugs  may  with  advantage  be  introduced  in  the 
tops  of  the  fire  boxes  of  tubular  boilers,  not  with  the  idea 
that  they  will  be  melted  out  by  the  steam  when  its  pressure 
becomes  too  high,  but  to  be  melted  out  and  give  notice  of  the 
danger  if  the  water  fall  too  low. 

It  must  be  remembered,  however,  that  this  is  the  proper 
purpose  to  which  fusible  plugs  are  directed.  When  the 
metal  in  the  flues,  or  elsewhere,  being  out  of  contact  with 
water,  is  unduly  heated,  the  plug  melts  out,  and  allowing  the 
steam  to  escape,  at  once  gives  notice  of,  and  removes  the 
danger. 

(128.)  Internal  safety  valve. — When  a  boiler  ceases  to 
be  worked,  and  the  furnace  has  been  extinguished,  the  space 
within  it  appropriated  to  steam  will  be  left  a  vacuum  by  the 
condensation  of  the  steam  with  which  it  was  previously 
filled.  The  external  pressure  of  the  atmosphere  acting  on 
the  boiler  would,  under  such  circumstances,  have  a  tendency 
to  crush  it  inwards.  To  prevent  this,  a  safety  valve  is  pro- 
vided, opening  inwards,  and  balanced  by  a  weight  suflBcient 
to  keep  it  closed  untU  it  be  relieved  from  the  pressure  of  the 
steam  below. 

A  large  aperture  closed  by  a  flange  secured  with  screws, 
represented  at  o  in  jig.  67.,  called  the  man-hole,  is  provided 
to  admit  persons  into  the  boiler  for  the  purpose  of  cleaning 
or  repairing  its  interior. 

(129.)  Self-regulating  damper.  —  The  manner  in  which 
the  governor  regulates  the  supply  of  steam  from  the  boiler 
to  the  cylinder,  proportioning  the  quantity  to  the  work  to  be 
done,  and  thereby  sustaining  a  uniform  motion,  has  been 
already  explained  (p.  85.).  Since  then  the  consumption  of 
steam  in  the  engine  is  subject  to  variation,  owing  to  the 
various  quantities  of  work  it  may  have  to  perform,  it  is  evi- 
dent that  the  production  of  steam  in  the  boiler  should  be 
subject  to  a  proportional  variation.     For,  otherwise,  one  of 

o  effects  would  ensue  :  the  boiler  would  either  fail  to  supply 
the  engine  with  steam,  or  steam  would  accumulate  in  the 
lx>iler  from  being  produced  iu  too  great  abundance,  and  would 
pe  at  the  safety  valve,  and  thus  be  wasted. 

In  order  to  vary  the  production  of  steam  in  proportion  to 
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the  demands  of  the  engine,  it  is  necessary  to  stimulate  or 
mitigate  the  furnace,  as  the  evaporation  is  to  be  augmented 
or  diminished. 

The  activity  of  the  furnace  must  depend  on  the  current  of 
air  which  is  drawn  through  the  grate  bars,  and  this  will  de- 
pend on  the  magnitude  of  the  space  afforded  for  the  passage 
of  that  current  through  the  flues.  A  plate  called  a  damper 
is  accordingly  placed  with  its  plane  at  right  angles  to  the  flue, 
so  that  by  raising  and  lowering  it  in  the  same  manner  as  the 
sash  of  a  window  is  raised  or  lowered,  the  space  allowed 
for  the  passage  of  air  through  the  flue  may  be  regulated. 
This  plate  might  be  regulated  by  the  hand,  so  that  by 
raising  or  lowering  it  the  draught  might  be  increased  or 
diminished,  and  a  corresponding  effect  produced  on  the 
evaporation  in  the  boiler :  but  the  force  of  the  fire  is  ren- 
dered uniformly  proportional  to  the  rate  of  evaporation  by 
the  following  arrangement,  without  the  intervention  of  the 
engineer.  The  column  of  water  sustained  in  the  feed 
pipe  {Jigs.  67,  68.)  represents  by  its  weight  the  difference 
between  the  pressure  of  steam  within  the  boiler  and  that 
of  the  atmosphere.  If  the  engine  consumes  steam  faster 
than  the  boiler  produces  it,  the  steam  contained  in  the 
boiler  acquires  a  diminished  pressure,  and  consequently  the 
column  of  water  in  the  feed  pipe  will  fall.  If,  on  the  other 
hand,  the  boiler  produce  steam  faster  than  the  engine  con- 
sumes it,  the  accumulation  of  steam  in  the  boiler  will  cause 
an  increased  pressure  on  the  water  it  contains,  and  thereby 
increase  the  height  of  the  column  of  water  sustained  in  the 
feed  pipe.  This  column,  therefore,  necessarily  rises  and  falls 
with  every  variation  in  the  rate  of  evaporation  in  the  boiler. 
A  hollow  float  p  is  placed  upon  the  surface  of  the  water  of  this 
column  ;  a  chain  connected  with  this  float  is  carried  upwards, 
and  passed  over  two  pulleys,  after  which  it  is  carried  down- 
wards through  an  aperture  leading  to  the  flue  which  passes 
beside  the  boiler  :  to  this  chain  is  attached  the  damper.  By 
such  an  arrangement  it  is  evident  that  the  damper  will  rise  i 
when  the  float  p  falls,  and  will  fall  when  the  float  p  rises  ^ 
since  the  weight  of  the  damper  is  so  adjusted,  that  it  wil  i 
only  balance  the  float  p  when  the  latter  rests  on  the  surfact  j 
of  the  water. 
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Whenever  the  evaporation  of  the  boiler  is  insufficient,  it  is 
evident  from  what  has  been  stated,  that  the  float  p  will  fijll 
and  the  damper  will  rise,  and  will  afford  a  greater  passage  for 
air  through  the  flue.  This  will  stimulate  the  furnace,  will 
augment  its  heating  power,  and  will  therefore  increase  the  rate 
of  evaporation  in  the  boiler.  If,  on  the  other  hand,  the  pro- 
duction of  steam  in  the  boiler  be  more  than  is  requisite  for 
the  supply  of  the  engine,  the  float  will  be  raised  and  the 
damper  let  down,  so  as  to  contract  the  flue,  to  diminish  the 
draught,  to  mitigate  the  fire,  and  therefore  to  check  the  eva- 
poration. In  this  way  the  excess,  or  defect,  of  evaporation  in 
the  boiler  is  made  to  act  upon  the  fire,  so  as  to  render  the 
heat  proceeding  from  the  combustion  as  nearly  as  possible 
proportional  to  the  wants  of  the  engine. 

(130.)  Self-regulating  furnace.  —  The  method  of  feeding 
the  furnace  by  hand  through  the  fire-door  being  subject  to 
the  double  objection  of  admitting  more  cold  air  over  the  fuel 
than  is  necessary  for  its  combustion,  and  the  impracticability 
of  insuring  regular  attendance  on  the  part  of  the  stokers, 
directed  the  attention  of  engineers  to  the  construction  of 
self-regulating  furnaces.  The  most  effectual  of  these,  and 
that  which  has  come  into  most  general  use,  was  invented  by 
Mr.  William  Brunton  of  Birmingham, 

The  advantages  proposed  to  be  attained  by  him  were  those 
expressed  in  his  patent :  — 

"  First,  I  put  the  coal  upon  the  grate  by  small  quantities, 
and  at  very  short  intervals,  say  every  two  or  three  seconds. 
2dly,  I  so  disf>o3e  of  the  coals  upon  the  grate,  that  the  smoke 
evolved  must  pass  over  that  part  of  the  grate  upon  which 
the  coal  is  in  full  combustion,  and  is  thereby  consumed. 
3dly,  As  the  introduction  of  coal  is  uniform  in  short  spaces 
of  time,  the  introduction  of  air  is  also  uniform,  and  requires 
no  attention  from  the  fireman. 

"As  it  respects  economy:  1st,  The  coal  is  put  upon  the 
fire  by  an  apparatus  driven  by  the  engine,  and  so  contrived 
that  the  quantity  of  coal  is  proportioned  to  the  quantity  of 
work  which  the  engine  is  performing ;  and  the  quantity  of 
air  admitted  to  consume  the  smoke  is  regulated  in  the  same 
manner.  2dly,  The  fire  door  is  never  opened,  excepting  to 
clean  the  fire ;  the  boiler,  of  course,  is  not  exposed  to  that 
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continual  irregularity  of  temperature  which  is  unavoidable 
in  the  common  furnace,  and  which  is  found  exceedingly  in- 
jurious to  boilers.  3dly,  The  only  attention  required  is  to 
fill  the  coal  receiver  every  two  or  three  hours,  and  clean  the 
fire  Avhen  necessary.  4thly,  The  coal  is  more  completely 
consumed  than  by  the  common  furnace,  as  all  the  effect  of 
what  is  termed  stirring  up  the  fire  (by  which  no  inconsider- 
able quantity  of  coal  is  passed  into  the  ash-pit),  is  attained 
without  moving  the  coal  upon  the  grate." 

A  circular  grate  is  placed  on  a  vertical  revolving  shaft ;  on 
the  lower  part  of  this  shaft,  under  the  ash-pit,  is  placed  a 
toothed  wheel  driven  by  a  pinion.  This  pinion  is  placed  on 
another  vertical  shaft,  which  ascends  above  the  boiler  ;  and 
on  the  other  end  of  this  is  placed  a  bevelled  wheel  driven  by 
a  pinion.  This  pinion  is  attached  to  a  shaft,  which  takes  its 
motion  from  the  axis  of  the  fly-wheel,  or  any  other  revolving 
shaft  connected  with  the  engine.  A  constant  motion  of  revo- 
lution is  therefore  imparted  to  the  circular  grate,  and  its 
velocity  being  proportional  to  that  of  the  engine,  will  neces- 
sarily be  also  proportional  to  the  quantity  of  fuel  which  ought 
to  be  consumed.  Through  that  part  of  the  boiler  which  is 
over  the  fii*e  grate,  a  vertical  tube  or  opening  is  made  di- 
rectly over  that  part  of  the  furnace  which  is  most  distant 
from  the  flues.  Over  this  opening  a  hopper  is  placed,  which 
contains  the  fuel  by  which  the  boiler  is  to  be  fed  ;  and  in 
the  bottom  of  this  hopper  is  a  sliding  valve,  capable  of  being 
opened  or  closed,  so  as  to  regulate  the  quantity  of  fuel  sup- 
plied to  the  fire  grate.  The  fuel  dropping  in,  in  small  quan- 
tities, through  this  open  valve,  falls  on  the  grate,  and  is  carried 
round  by  it,  so  as  to  leave  a  fresh  portion  of  the  grate  to 
receive  succeeding  feeds.  The  coals  admitted  through  the 
Iiopper  are  previously  broken  to  a  proper  size  ;  and  in  some 
forms  of  this  apparatus  there  are  two  rollers,  at  a  regulated 
distance  asunder,  the  surfaces  of  which  are  formed  into  blunt 
angular  points,  and  which  are  kept  in  slow  revolution  by  the 
engine.  Between  these  rollers  the  coals  must  pass  before 
they  reach  the  valve  through  which  the  furnace  is  fed,  and 
they  are  thus  broken  and  reduced  to  a  regulated  size.  The 
valve  which  regulates  the  opening  through  which  the  feed 
is  admitted,  is  connected  by  chains  and  pulleys  with  the  self- 
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regulating  damper  already  described,  so  that  in  proportion 
as  the  damper  is  raised,  the  valve  governing  the  feed  may  be 
opened.  Thus,  while  the  quantity  of  air  admitted  by  the 
dam{)er  is  increased  according  to  the  demands  of  the  engine, 
the  quantity  of  fuel  admitted  for  the  feed  is  increased  by 
opening  the  valve  in  the  bottom  of  the  hopper  in  the  same 
proportion.  Apertures  are  also  provided  in  the  front  of  the 
grate,  governed  by  regulators,  by  which  the  quantity  of  air 
necessary  and  sufficient  to  produce  the  combustion  of  the  gas 
evolved  from  the  fuel  is  admitted,  these  openings  being  also 
connected  with  the  self-regulating  damper. 

(131.)  Non-conducting  coating  on  boiler A  considerable 

portion  of  tlie  heat  imparted  to  the  water  in  the  boiler  escapes 
by  radiation  from  the  surface  of  the  boiler,  steam  pipes,  and 
other  parts  of  the  machinery  in  contact  with  the  steam  and 
hot  water.  The  effects  of  this  are  rendered  very  apparent 
in  marine  engines,  where  a  large  quantity  of  water  is  found 
to  be  condensed  in  the  great  steam  pipes  leading  from  the 
boiler  to  the  cylinder.  In  stationary  land  boilers  this  loss  of 
he.at  is  usually  diminished,  and  in  some  cases  in  a  great  de- 
removed,  by  surrounding  the  boiler  with  non-conducting 
-tances.  In  some  cases  the  boiler  is  built  round  in  brick 
work.  In  Cornwall,  where  economy  is  regarded  perhaps 
to  a  greater  extent  than  elsewhere,  the  boiler  and  steam  pipes 
are  surrounded  with  a  packing  of  sawdust,  which  being 
almost  a  non-conductor  of  heat,  is  impervious  to  the  heat 
proceeding  from  the  surfaces  with  which  it  is  in  contact,  and 
consequently  confines  all  the  heat  within  the  boiler.  In 
marine  boilers  it  has  been  the  practice  recently  to  clothe  the 
boiler  and  steam  pipes  with  a  coating  of  felt,  which  is  attended 
with  a  similar  effect.  When  these  remedies  are  properly 
applied,  the  loss  of  heat  proceeding  from  the  radiation  of  the 
boiler  is  reduced  to  an  extremely  small  amount.  The  engine 
houses  of  some  of  the  Cornish  engines,  where  the  boiler 
generates  steam  at  a  very  high  temperature,  are  nevertheless 
frequently  maintained  at  a  lower  temperature  than  the  ex- 
ternal air,  and  on  entering  them  they  have  in  a  great  degree 
the  effect  of  a  cave, 

(132.)  Self- regulating  and  self-registering  apparatus  pro- 
posed by  Dr.  Lardner.  —  About  the  epoch  when  the  project 
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of  navigating  the  Atlantic  by  steam  was  first  undertaken,  the 
question  of  the  efficiency  of  steam  engines  in  relation  to  their 
consumption  of  fuel  was  much  discussed  ;  and  the  scantiness 
of  reliable  data,  as  well  as  the  difficulty  of  enforcing  such 
practice  among  engineers  as  would  supply  them,  was  uni- 
versally acknowledged. 

At  this  period  I  brought  under  the  notice  of  the  British 
Association  a  self-regulating  apparatus,  and  exhibited  its 
practical  performance.  A  web  of  paper  was  rolled  upon  a 
small  metal  drum,  and  a  larger  drum,  which  was  kept  in  revo- 
lution by  means  of  clock-work,  received  the  roll  of  paper  as 
it  was  discharged  from  the  smaller  drum.  At  proper  dis- 
tances round  the  larger  drum,  pencils  of  different  colours 
were  placed,  acted  upon  by  floats  applied  in  siphon  tubes  con- 
taining columns  of  mercury,  with  which  the  steam  pipe,  the 
condenser,  the  surface  of  the  water  in  the  boiler  and  other  ap- 
paratus of  the  engine  whose  changes  were  required  to  be  re- 
gistered, were  respectively  connected.  Where  any  of  these 
varied,  the  pencil  attached  to  the  float  of  the  siphon  gauge 
communicating  with  the  boiler  was  raised  or  depressed ;  and 
by  this  motion  of  the  pencil,  combined  with  the  motion  of 
the  paper  on  the  drum  under  it,  a  curve  was  traced  upon  the 
paper,  the  ordinates  of  which  indicated  the  varying  pressure 
of  the  steam,  the  varying  level  of  the  water,  or  any  other 
change  which  took  place  in  those  parts  of  the  engine  which 
required  registration.  At  convenient  intervals  the  paper  was 
to  be  taken  oif,  and  its  indications  translated  into  words. 

The  difference  in  the  colours  of  the  different  pencils  pre- 
vented the  indication  made  by  each  from  being  confused,  even 
though  the  curves  were  liable  to  intersect  each  other. 

This  apparatus  was  never  applied  in  practice.  The  chief 
purpose  to  which  it  was  directed  at  the  time  was  tlie  regis- 
tration of  the  performance  of  marine  engines.  It  was,  how- 
ever, found  impracticable  to  induce  the  engineers  and  others 
who  had  the  management  of  steam  vessels  to  adopt  it. 
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CHAPTER  Vni. 

OF  THE  POWER  AXD  DDTT  OF  ENGINES. 

( 1 33.)  Gross  and  useful  effect  of  engines. — All  mechanical 
action  is  measured  by  the  amount  of  force  exercised,  or 
resistance  overcome,  and  the  space  through  which  that  force 
has  acted,  or  through  which  the  resistance  has  been  moved. 

The  gross  amount  of  mechanical  action  developed  by  the 
moving  power  of  an  engine,  is  expended  partly  on  moving 
the  engine  itself,  and  partly  on  overcoming  the  resistance  on 
which  the  engine  is  intended  to  act.  That  part  of  the  me- 
chanical energy  of  the  moving  power  which  is  expended  on 
the  resistance  or  load  which  the  engine  moves,  exclusively  of 
the  power  expended  on  moving  the  engine  itself,  is  called 
the  useful  effect  of  the  machine. 

The  gross  effect,  therefore,  exceeds  the  us^ul  effect  by  the 
amount  of  power  spent  in  moving  the  engine,  or  which  may 
be  wasted  or  destroyed  in  any  way  by  the  engine. 

It  is  usual  to  express  and  estimate  all  mechanical  eflfect, 
whatever  be  the  nature  of  the  resistance  overcome,  by  an 
equivalent  weight  raised  a  certain  height.  Thus,  if  an 
engine  exerts  a  certain  power  in  driving  a  mill,  in  drawing 
a  carriage  on  a  road,  or  in  propelling  a  vessel  on  water,  the 
itesistance  against  which  it  has  to  act  must  be  equal  to  a 
definite  amount  of  weight.  If  a  carriage  be  drawn,  the 
traces  are  stretched  by  the  tractive  power,  by  the  same  ten- 
sion that  would  be  given  to  them  if  a  certain  weight  were 
appended  to  them.  If  the  paddle  wheels  of  a  boat  are  made 
to  revolve,  the  water  opposes  to  them  a  resistance  equal  to 
that  which  would  be  produced,  if  instead  of  moving  the 
water  the  wheel  had  to  raise  some  certain  weight.  In  any 
case,  therefore,  weight  becomes  the  exponent  of  the  energy 
of  the  resistance  against  which  the  moving  power  acts. 

But  the  amount  of  mechanical  effect  depends  conjointly 
an  the  amount  of  resistance,  and  the  space  through  which 
that  resistance  is  moved.     The  quantity  of  this  effect,  there- 
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fore,  will  be  increased  in  the  same  proportion,  whether  the 
quantity  of  resistance,  or  the  space  through  which  that  re- 
sistance is  moved,  be  augmented.  Thus,  a  resistance  of 
100  lbs.,  moved  through  two  feet,  is  mechanically  equivalent 
to  a  resistance  of  200  lbs.  moved  through  one  foot,  or  of 
400  lbs.  moved  through  six  inches.  To  simplify,  therefore, 
the  expression  of  mechanical  effect,  it  is  usual  to  reduce 
it  invariably  to  a  certain  weight  raised  one  foot.  K  the 
resistance  under  consideration  be  equivalent  to  a  certain 
weight  raised  through  ten  feet,  it  is  always  expressed  by 
ten  times  the  amount  of  that  weight  raised  through  one 
foot. 

It  has  also  been  usual  in  the  expression  of  mechanical 
effect,  to  take  the  pound  as  the  unit  of  weight,  and  the  foot 
as  the  unit  of  length,  so  that  all  mechanical  effect  what- 
soever is  expressed  by  a  certain  number  of  pounds  raised 
one  foot. 

The  gross  effect  of  the  moving  power  in  a  steam  engine,  is 
the  whole  mechanical  force  developed  by  the  evaporation  of 
water  in  the  boiler.  A  part  of  this  effect  is  lost  by  the 
partial  condensation  of  the  steam  before  it  acts  upon  the 
piston,  and  by  the  imperfect  condensation  of  it  subsequently : 
another  portion  is  expended  on  overcoming  the  friction  of 
the  different  moving  parts,  and  in  acting  against  the  resist- 
ance which  the  air  opposes  to  the  machine.  If  the  motion 
be  subject  to  sudden  shocks,  a  portion  of  the  power  is  then 
lost  by  the  destruction  of  momentum  which  such  shocks 
produce.  But  if  those  parts  of  the  machine  which  have 
a  reciprocating  motion  be,  as  they  ought  to  be,  brought 
gradually  to  rest  at  each  change  of  direction,  then  no  power 
is  absorbed  in  this  way. 

(134.)  Power  and  duty. — The  useful  effect  of  an  engine  is 
variously  denominated  according  to  the  relation  under  which 
it  is  considered.  If  it  be  referred  to  the  time  during  which 
it  is  produced,  it  is  called  power. 

If  it  be  referred  to  the  fuel,  by  the  combustion  of  which 
the  evaporation  has  been  effected,  it  is  called  duty. 

(135.)  Horse-power,  origin  and  import  of  the  term. — When 
steam  engines  were  first  brought  into  use,  they  were  com- 
monly applied  to  woi*k  pumps  for  mills  which  had  been. 
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previously  worked  or  driven  by  horses.  In  forming  their 
contracts,  the  first  steam  engine  builders  found  themselves 
called  upon  to  supply  engines  capable  of  executing  the  same 
work  as  was  previously  executed  by  some  certain  number  of 
horses.  It  was  therefore  convenient,  and  indeed  necessary, 
to  be  able  to  express  the  performance  of  these  machines  by 
comparison  with  the  animal  pow^er  to  which  manufacturers, 
miners,  and  others,  had  been  so  long  accustomed.  When  an 
engine,  therefore,  was  capable  of  performing  the  same  work 
in  a  given  time  as  any  given  number  of  horses  of  average 
strength  usually  performed  it,  it  was  said  to  be  an  engine  of 
so  many  horses'  power.  Steam  engines  had  been  in  use  for 
a  considerable  time  before  this  term  had  acquired  any  settled 
or  uniform  meaning,  and  the  nominal  power  of  engines  was 
accordingly  very  arbitrary.  At  length,  however,  the  use  of 
steam  engines  became  more  extended,  and  the  confusion  and 
inconvenience  arising  out  of  questions  respecting  the  per- 
formance of  engines,  rendered  it  necessary  that  some  fixed 
and  definite  meaning  should  be  assigned  to  the  terms  by 
which  the  powers  of  this  machine  were  expressed.  To  have 
abandoned  the  term  horse-power,  which  had  been  so  long  in 
ase,  would  have  been  obviously  inconvenient ;  nor  could 
there  be  any  objection  to  its  continuance,  provided  all  engine 
nakers,  and  all  those  who  used  engines,  could  be  brought  to 
igree  upon  some  standard  by  which  the  unit  of  horse-power 
night  be  defined.  The  performance  of  a  horse  of  average 
(trength  working  for  eight  hours  a  day  was  therefore  selected 
a  standard,  or  unit,  of  steam  engine  power.  Smeaton 
stimated  that  such  an  animal,  so  working,  was  capable  of 
)erforming  a  quantity  of  work  equal  in  its  mechanical  effect 
o  22,916  lbs.  raised  one  foot  per  minute,  while  Desaguliers 
atimated  the  same  power  at  27,500  lbs.  raised  through  the 
■ame  height  in  the  same  time.  The  discrepancy  between 
hese  estimates  probably  arose  from  their  being  made  from  the 
)erformances  of  different  classes  of  horses.  Messrs.  Boulton 
nd  Watt  caused  experiments  to  be  made  with  the  strong 
lorses  used  in  the  breweries  in  London,  and  from  the  result 
f  these  trials  they  assigned  33,000  lbs.  raised  one  foot  per 
ainute,  as  the  value  of  a  horse's  power.  This  is  the  unit  of 
Qgine  power  now  universally  adopted  ;  and  when  an  engine 
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is  said  to  be  of  so  many  horses'  power,  what  is  meant  is,  tha 
that  engine,  in  good  working  order  and  properly  managed 
is  capable  of  moving  a  resistance  equal  to  so  many  time 
33,000  lbs.  through  one  foot  per  minute.  Thus  an  engin 
of  ten  horse-power  is  one  that  would  raise  330,000  lbs 
weight  one  foot  per  minute. 

Whether  this  estimate  of  an  average  horse's  power  b 
correct  or  not,  in  reference  to  the  actual  work  which  tlv 
animal  is  capable  of  executing,  is  a  matter  of  no  presen 
importance  in  its  application  to  steam  power.  The  stear 
engine  is  no  longer  used  to  replace  the  j)0wer  of  horses,  am 
thei'efore  no  contracts  are  based  upon  such  a  comparison 
Tiie  term  liorse-povver,  therefore,  as  applied  to  steam  engines 
must  be  understood  to  have  no  reference  whatever  to  tin 
actual  animal  power,  but  must  be  taken  as  a  term  having  m 
other  meaning  than  the  expression  of  the  ability  of  tb 
engine  working  under  certain  prescribed  conditions  to  pro 
duce  a  mechanical  effect  of  a  certain  amount  over  and  abovi 
the  force  necessary  to  move  itself. 

(136.)  Development  of  mechanical  power  in  evaporation.— 
To  understand  the  manner  in  which  mechanical  force  is  deve 
loped  in  the  evaporation  of  water,  and  to  estimate  the  amoun 
of  the  force  developed  by  tlie  evaporatioi 
of  a  given  quantity  of  water,  let  it  be  con 
ceived  that  the  water  is  included  in  a  tub( 
or  cylinder  the  base  of  which  is  equal  to  i 
square  inch,  and  let  a  piston  p  {fig.  78.)  moy( 
in  it  so  as  to  be  steam-right.  Let  it  be  sup 
posed  that  under  this  piston  there  is  in  th( 
bottom  of  the  cylinder  a  cubic  inch  of  wate 
-  between  the  bottom  of  the  piston  and  thi 
..  bottomof  the  tube.  Let  the  piston  be  counter 
j|,  balanced  by  a  weight  w  acting  over  a  pulley 
which  will  be  just  sufficient  to  counterpois 
the  weight  of  the  piston  so  as  to  leave  no  forcl 
tending  to  keep  the  piston  down,  except  tl 
force  of  the  atmosphere  acting  above  t 
Under  the  circumstance  here  supposed,  tb 
piston  being  in  contact  with  the  water,  an 
all  air  being  excluded,  it  will  be  pressed  dow 
by  the  weight  of  the  atmosphere  which  \5 


Fig.  78. 
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will  suppose  to  be  15  lbs.,  the  magnitude  of  the  piston  being 
a  square  inch. 

Now  let  the  flame  of  a  lamp  be  applied  at  the  bottom  of 
the  tube ;  the  water  under  the  piston  having  its  temperature 
thereby  gradually  raised,  and  being  submitted  to  no  pressure 
save  that  of  the  atmosphere  above  the  piston,  it  will  begin  to 
be  converted  into  steam  when  it  has  attained  the  temperature 
of  212°.  According  as  it  is  converted  into  steam,  it  will 
cause  the  piston  to  ascend  in  the  tube  until  all  the  water  has 
been  evaporated.  If  the  tube  were  constructed  of  sufiicient 
length,  the  piston  then  would  be  found  to  have  risen  to  the 
height  of  about  1700  inches,  or  142  feet;  since,  as  has  been 
already  explained,  water  passing  into  steam  under  the  ordinary 
pressure  of  the  atmosphere  undergoes  an  increase  of  bulk  in 
the  proportion  of  about  seventeen  hundred  to  one. 

In  this  process,  the  air  above  the  piston,  which  presses  on 
it  with  a  force  equal  to  15  lbs.,  has  been  raised  142  feet. 
It  appears,  therefore,  that,  by  the  evaporation  of  a  cubic  inch 
of  water  under  a  pressure  equal  to  15  lbs.  per  square  inch, 
a  mechanical  force  of  this  amount  is  developed. 

It  is  evident  that  15  lbs.  raised  142  feet  successively,  is 
equivalent  to  one  hundred  and  forty-two  times  15  lbs. 
raised  one  foot.  Now,  one  hundred  and  forty-two  times 
fifteen  is  two  thousand  one  hundred  and  thirty,  and  there- 
fore the  force  thus  obtained  is  equal  to  2130  lbs.  raised  one 
foot  high.  This  being  within  about  110  lbs.  of  a  ton,  it 
may  be  stated,  in  round  numbers,  that,  by  the  evaporation  of 
a  cubic  inch  of  water  under  these  circumstances,  a  force  is 
obtained  equal  to  that  which  would  raise  a  ton  weight  a 
foot  high. 

The  augmentation  of  volume  which  water  undergoes  in 
passing  into  steam  under  the  pressure  here  supposed,  may  be 
easily  retained  in  the  memory  from  the  accidental  circum- 
stance that  a  cubic  inch  of  water  is  converted  into  a  cubic  foot 
of  steam,  very  nearly.  A  cubic  foot  contains  1 728  cubic  inches, 
which  is  little  different  from  the  proportion  which  steam  bears 
to  water,  when  raised  under  the  atmospheric  pressure. 

(137.)  Effect  produced  by  evaporating  a  given  quantity 
of  water.  —  It  will,  therefore,  be  an  advantage  to  retain  in 
memory  the  following  general  facts  :  — 
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1.  A  cubic  inch  of  tvater  evaporated  under  the  ordinary 
atmospheric  pressure  is  cojiverted  into  a  cubic  foot  of  steam, 

2.  A  cubic  inch  of  water  evaporated  under  the  atmospheric 
pressure  gives  a  mechanical  force  equal  to  what  would  raise 
about  a  ton  weight  afoot  high. 

Let  us  again  suppose  the  piston  p  {fig.  78.)  to  be  restored 
to  its  original  position,  with  the  liquid  water  beneath  it ;  and, 
in  addition  to  the  weight  of  the  atmosphere  which  before 
pressed  it  down,  let  us  suppose  another  weight  of  fifteen 
pounds  laid  upon  it,  so  that  the  water  below  shall  be  pressed 
by  double  the  weight  of  the  atmosphere.  If  the  lamp  were 
now  applied,  and  at  the  same  time  a  thermometer  were  im- 
mersed in  the  water,  it  would  be  found  that  the  water  would 
not  begin  to  be  converted  into  steam  until  it  attained  the 
temperature  of  about  250°.  The  piston  would  then  begin, 
as  before,  to  ascend,  and  the  water  to  be  gradually  converted 
into  vapour.  The  water  being  completely  evaporated,  it 
would  be  found  that  the  piston  would  be  raised  to  a  height 
little  more  than  half  its  former  height,  or  seventy-two  feet. 
The  mechanical  effect,  therefore,  thus  obtained,  will  be  equi- 
valent to  double  the  former  weight  raised  half  the  foi-mer 
height. 

In  like  manner,  if  the  piston  were  loaded  with  thirty 
pounds  in  addition  to  the  atmosphere,  the  whole  pressure 
on  the  water  being  then  three  times  the  pressure  first  sup- 
posed, the  piston  would  be  raised  to  somewhat  more  than 
one  third  of  its  first  height  by  the  evaporation  of  the  v/ater. 
This  would  give  a  mechanical  force  equivalent  to  three  times 
the  original  weight  raised  a  little  more  than  one  third  of  the 
original  height. 

In  general,  as  the  pressure  on  the  piston  is  increased,  the 
height  to  which  the  piston  would  be  raised  by  the  evapora- 
tion of  the  water  will  be  diminished  in  a  proportion  some- 
what less  than  that  in  which  the  pressure  on  the  piston  is 
increased.  If  the  temperature  at  which  the  water  is  con- 
verted into  steam  under  these  different  pressures  were  the 
same,  then  the  height  to  which  the  piston  would  be  raised  by 
the  evaporation  of  the  water  would  be  diminished  in  precisely 
the  same  proportion  as  the  pressure  on  the  piston  is  in- 
creased, and,  in  that  case,  the  whole  mechanical  force  de- 
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veloped  by  the  evaporation  of  water  would  remain  exactly 
the  same,  whatever  might  be  the  pressure  under  which  the 
water  is  evajwrated. 

This  would  be  the  case  if  the  temperature  of  the  water 
did  not  vary  with  the  pressure.  But  the  increase  of  pressure 
being  accompanied  by  an  increase  of  temperature,  there  is  a 
corresponding  increase  of  volume  which  renders  the  density 
of  the  steam  less  than  that  which  would  be  due  to  the  aug- 
mented pressure  according  to  the  common  law  which  prevails 
in  the  case  of  air  and  gases  in  general. 

(138.)  Table  showing  the  temperature  and  the  correspond' 
ing  pressure  oj^  steam  and  the  mechanical  effect.  —  In  the 
following  table  are  given  the  temperatures  at  which  water 
evaporates  under  different  pressures,  the  volume  of  vapour 
produced  at  these  pressures  respectively  by  the  unit  of  volume 
of  water,  or,  what  is  the  same,  the  numerical  ratio  of  the 
volume  of  vapour  to  the  volume  of  water  which  produces 
it,  and  in  fine  the  mechanical  effect  developed  in  the  evapo- 
ration expressed  in  pounds'  weight,  raised  one  foot  by  the 
evaporation  of  a  cubic  inch  of  water  at  the  temperatures  and 
under  the  pressures  expressed  in  the  table. 
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By  comparing  together  the  numbers  in  the  last  column  of 
this  table,  it  will  be  observed  that  the  mechanical  effect  de- 
veloped in  the  evaporation  of  water  is  subject  to  a  very  slight 
augmentation  with  the  increase  of  the  temperature  and 
pressure.  Under  a  pressure  of  35  lbs.  per  square  inch,  and 
at  the  temperature  of  261°,  the  force  is  exactly  equal  to  a 
ton  weight  raised  one  foot.  Under  the  pressure  of  15  lbs., 
and  at  the  temperature  of  21 3°,  it  is  2086  lbs.,  or  about  seven 
per  cent,  less ;  and  under  70  lbs.,  and  at  306°,  it  is  2382  lbs., 
or  nearly  six  and  half  per  cent,  more  than  a  ton  raised 
a  fo«l. 

Although,  therefore,  the  preceding  table  may  be  useful  for 
determining  the  exact  mechanical  force  developed  in  the 
evaporation  of  water  under  different  pressures,  it  will  be 
sufficient  for  all  practical  purposes  to  assume  that  each  cubic 
inch  evaporated,  whatever  be  the  pressure,  develops  a  gross 
mechanical  effect  equivalent  to  a  ton  weight  raised  one 
foot. 

(139.)  Mechanical  effect  of  steam  used  expansively. — 
Steam,  when  used  expansively,  has  two  distinct  sources  of 
mechanical  power,  the  combination  of  which  is  necessary  to 
determine  the  total  mechanical  effect.  Each  cubic  inch  of 
water  evaporated  may  be  considered  as  producing  a  me- 
chanical effect  equivalent  to  a  ton  weight  raised  one  foot 
before  its  communication  with  the  boiler  is  cut  off  and  its 
expansion  commences.  To  this  is,  therefore,  to  be  added  the 
mechanical  effect  due  to  the  expansion. 

When  a  piston  is  impelled  by  steam  working  expansively, 
it  is  urged,  as  already  explained,  by  a  varying  pressure  ;  and 
to  determine  with  precision  its  mechanical  effect,  it  is  neces- 
sary to  be  able,  in  each  case,  to  assign  the  mean  amount  of 
this  pressure.  The  following  tables  were  computed  by  Boulton 
and  Watt  to  simplify  and  facilitate  such  calculations. 

(140.)  Tables  showing  this  effect  for  different  degrees  of 
expansion.  —  The  first  column  of  each  table  contains  the  full 
pressure  of  the  steam  in  pounds  per  square  inch  before  the 
expansion  begins.  The  number  at  the  head  of  each  column 
expresses  the  fractional  part  of  the  stroke  through  which 
the  steam  acts  expansively.     The  number  expressing  the 
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mean  pressure  on  the  piston  in  pounds  per  square  inch,  is  found 
in  each  case  in  the  same  horizontal  line  with  that  which  ex- 
presses the  full  pressure  in  the  first  column,  and  in  the  same 
vertical  line  with  that  which  expresses  the  fraction  of  the 
stroke  through  which  the  steam  acts  expansively. 


Expanded  Steam. 

Mean  Pressure  at  different  Densities  and  Rate  of  Expansion. 

The  columns  headed  0  contain  the  initial  pressure  in  pounds, 
and  the  remaining  columns  contain  the  mean  pressure  in 
pounds,  with  different  grades  of  expansion. 
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Expansion  hy  Tenths. 
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The  effect  gained  by  expansion  will  be  found  by  comparing 
the  total  effect  of  the  engine  with  the  effect  which  would  be 
produced  without  expansion. 

K  the  length  of  the  stroke  be  taken  as  the  unit,  the 
total  effect  of  a  square  inch  of  the  piston  surface  will 
be  expressed  by  the  mean  pressure,  and  the  effect  which 
would  be  produced  without  expansion  will  be  found  by 
multiplying  the  fraction  which  expresses  that  part  of  the 
stroke  through  which  the  steam  acts,  without  expansion,  by 
the  full  pressure. 

Thus,  for  example,  let  it  be  required  to  ascertain  the  effect 
gained  by  cutting  off  the  steam  when  the  piston  has  made 
three-tenths  of  the  entire  stroke. 
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In  this  case  the  steam  acts  expansively  through  seven- 
tenths  of  the  stroke,  and  if  we  suppose  the  full  pressure  to  be 
thirty  pounds,  tlie  mean  pressure,  according  to  the  second 
table,  will  be  19*818,  which  will  thei'efore  express  the  total 
effect.  To  find  the  effect  without  expansion,  we  multiply 
three-tenths,  the  part  of  the  stroke  through  which  the  steam 
acts  with  full  pressure,  by  thirty,  which  gives  nine.  By 
this  degree  of  expansion,  therefore,  the  mechanical  effect  of 
the  steam  is  increased  in  the  ratio  of  90  to  198,  being  more 
than  double. 

The  gain  of  power,  with  the  same  amount  of  expansion, 
is  nearly  the  same,  whatever  be  the  full  pressure  of  the 
steam  ;  but  when  the  steam  is  allowed  to  expand  in  a  large 
proportion,  the  initial  pressure  must  always,  in  practice,  be 
considerable,  since  otherwise  the  steam  would  become  too 
feeble  before  the  sti'oke  would  be  completed. 

(141.)  To  determine  the  rate  of  evaporation  necessary  to 
produce  a  given  power. — Having  thus  determined  the  amount 
of  mechanical  force  developed  in  the  process  of  evaporation,  it 
will  be  easy  to  ascertain  the  rate  of  evaporation  necessary  to 
produce  any  proposed  power. 

To  produce  the  force  expressed  by  one  horse-power,  the 
evaporation  per  minute  must  develope  a  mechanical  force 
equal  to  33,000  lbs.,  or  about  15  tons  raised  one  foot. 
Fifteen  cubic  inches  of  water  evaporated  would  accoi'dingly 
produce  this  effect,  which  without  expansion  would  be 
equivalent  to  900  cubic  inches  per  hour.  To  find,  therefore, 
the  (jross  power  developed  by  a  boiler,  it  would  be  only 
necessary  to  divide  the  number  of  cubic  inches  of  v/ater 
evaporated  per  hour  by  900,  and  the  quotient  would  be  the 
gross  horse-power.  If,  therefore,  to  900  cubic  inches  be 
added  the  quantity  of  water  per  hour  necessary  to  move  the 
engine  itself,  independently  of  its  load,  we  shall  obtain  the 
quantity  of  water  per  hour  which  must  be  supplied  by  the 
boiler  to  the  engine  for  each  horse-power,  and  this  will  be 
the  same  whatever  may  be  the  magnitude  or  proportions  of 
the  cylinder. 

(142.)  Analysis  of  the  power  consumed  in  moving  the 
engine  itself.  —  The  quantity  of  power  expended  in  working 
the  engine  itself,  independently  of  that  required  to  move  its 
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load,  will  be  less  in  proportion  to  the  degree  of  perfection 
which  may  be  attained  in  the  construction  of  the  engine,  and 
to  the  order  in  which  it  is  kept  while  working.  Engines 
vary  one  from  another  so  much  in  these  respects,  that 
it  is  scarcely  possible  to  lay  down  any  general  rules  for 
the  quantity  of  power  to  be  allowed  over  and  above  what  is 
necessary  to  move  the  load.  The  means  whereby  mechanical 
power  is  expended  in  working  the  engine  may  be  enume- 
rated as  follows :  — 

First.  Steam  in  passing  from  the  boiler  to  the  cylinder  is 
liable  to  lose  its  temperature  by  the  radiation  of  the  steam 
pipes  and  other  passages  through  which  it  is  conducted. 
Since  the  steam  produced  in  the  boiler  is  in  contact  with 
water,  the  least  loss  of  heat  will  cause  a  partial  condensation. 
To  whatever  extent  this  condensation  may  be  carried,  a  pro- 
portional loss  of  power,  in  reference  to  the  heat  obtained 
from  the  fuel,  will  be  entailed  upon  the  engine. 

It  has  been  said  that  the  force  necessary  to  move  the  steam 
from  the  boiler  to  the  cylinder  through  passages  more  or  less 
contracted,  subject  to  the  friction  of  the  pipes  and  tubes 
through  which  it  moves,  should  be  taken  into  account  in 
estimating  the  power,  and  a  corresponding  deduction  made. 
This,  however,  is  not  the  case :  the  steam  having  passed  into 
the  cylinder  remains  common  steam,  its  pressure  being 
diminished  by  reason  of  the  force  expended  in  thus  moving 
it  from  the  boiler  to  the  cylinder.  But  its  mechanical  efficacy 
at  the  reduced  pressure  is  not  sensibly  different  from  the 
efficacy  which  it  had  in  the  boiler.  If  at  the  reduced  pressure 
its  volume  were  the  same,  then  a  loss  of  effect  would  be  sus- 
tained equivalent  to  the  difference  of  the  pressures ;  but  its 
volume  being  augmented  in  very  nearly  the  same  proportion 
as  its  pressure  is  diminished,  the  mechanical  efficacy  of  a 
given  weight  of  steam  in  the  cylinder  will  be  sensibly  the 
same  as  in  the  boiler. 

Seco7id.  The  radiation  of  heat  from  the  cylinder  and  its 
appendages  will  cause  a  partial  condensation  of  steam,  and 
thereby  produce  a  diminished  mechanical  effect. 

Third.  The  steam,  which  at  each  stroke  of  the  piston  fills 
the  passages  between  the  steam  valves  and  the  piston  at  the 
moment  the  latter  commences  the  stroke,  will  be  inefficient. 
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If  it  were  possible  for  the  piston  to  come  into  steam-tight 
contact  with  each  end  of  the  cylinder,  and  the  steam  valves 
to  be  in  immediate  contact  with  the  piston,  then  the  whole 
of  the  steam  which  would  pass  through  the  steam  valve 
would  be  efficient ;  but  as  some  space,  however  small,  must 
remain  between  the  piston  and  the  ends  of  the  cylinder,  and 
between  the  side  of  the  cylinder  and  the  steam  valve,  there 
will  always  be  a  volume  of  steam  bearing  a  sensible  propor- 
tion to  the  magnitude  of  the  cylinder,  which  at  each  stroke 
of  the  piston  will  be  inefficient.  This  volume  of  steam  is 
called  the  cleavage. 

Fourth.  Since  the  piston  must  move  in  steam-tight  contact 
with  the  cylinder,  it  must  have  a  definite  amount  of  friction 
with  the  sides  of  the  cylinder  by  whatever  means  it  may  be 
packed.  This  friction  will  produce  a  corresponding  resistance 
to  the  moving  power. 

Fifth.  The  various  joints  of  the  machinery  where  steam 
is  contained  are  subject  to  leakage,  and  whatever  amount  of 
steam  shall  thus  escape  must  be  placed  to  the  account  of 
power  lost. 

Sixth.  When  the  eduction  valve  is  opened  to  admit  the 
steam  to  the  condenser,  a  certain  force  is  required  to  expel 
the  steam  from  the  cylinder.  This  force  reacts  upon  the 
piston,  and  counteracts  to  a  proportional  extent  the  moving 
power  of  the  steam  on  the  other  side.  Besides  this  the  water 
in  the  condenser  cannot  be  conveniently  reduced  below  the 
temperature  of  about  100°,  and  at  this  temperature  steam  has 
a  pressure  of  about  one  pound  per  square  inch.  This  vapour 
will  continue  to  fill  the  cylinder,  and  will  resist  the  moving 
power  which  impels  the  piston. 

Seventh.  Power  must  be  provided  for  opening  and  closing 
the  valves  or  slides,  for  working  the  air-pump,  hot  water 
pump,  and  cold  water  pump,  and  finally  to  overcome  the  fric- 
tion on  the  journals  and  centres  of  the  parts  of  the  parallel 
motion,  the  main  axle  of  the  beam,  the  connecting  rod,  crank, 
and  fly-wheel  axle. 

It  will  be  apparent  how  very  much  these  sources  of  re- 
sistance must  vary  in  different  engines,  and  how  rough  an 
approximation  any  general  estimate  must  be  of  their  gross 
amount. 
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(143.)  JSo  exact  valuation  of  this  has  been  made.  — There 
are  many  circumstances  which  obstruct  the  practical  appli- 
cation of  any  standard  of  engine  power  :  the.  magnitude  of 
furnace  and  the  extent  of  heating  surface  necessary  to  pro- 
duce any  required  rate  of  evaporation  in  the  boiler  are  un- 
ascertained ;  each  engine  maker  has  his  own  rule  in  these 
matters,  and  all  the  rules  are  equally  unsupported  by  any 
experimental  test  entitled  to  respect.  Thus  the  circum- 
stances that  govern  the  rate  of  evaporation  in  the  boiler  may 
be  regarded  as  almost  wholly  unknown.  But  supposing  the 
rate  of  evaporation  to  be  ascertained,  the  amount  of  power 
absorbed  by  the  condensation  of  steam  on  its  passage  to  the 
cylinder,  the  imperfect  condensation  of  the  same  steam  after 
it  has  worked  the  piston,  the  friction  of  the  various  moving 
parts  of  the  machinery,  and,  above  all,  the  difference  of  effect 
of  these  losses  of  power  in  engines  constructed  on  different 
scales  of  magnitude,  are  absolutely  unknown.  We  are, 
therefore,  not  placed  in  a  condition  to  assign  any  thing  more 
than  a  general  account  of  what  has  been  the  practice  of  en- 
gine makers  in  constructing  engines  which  are  nominally  of 
a  certain  power. 

(144.)  Practical  rules  adopted  by  engine  makers.  —  In 
common  low-pressure  engines  of  the  larger  kind,  to  which 
class  alone  we  at  present  refer,  it  has  been  usual,  with  the 
same  fuel  and  under  like  circumstances,  to  allow  from  ten  to 
eighteen  square  feet  of  heating  surface  in  the  boiler  for  every 
nominal  horse-power  of  the  engine.  Within  these  wide 
limits  the  practice  of  engine  makers  has  varied.  It  is  not, 
however,  to  be  supposed,  that  the  boiler  with  eighteen  square 
feet  of  surface  per  horse-power  has  the  same  evaporating 
power  as  that  which  has  but  ten.  This  difference,  therefore, 
amounts  to  nothing  more  than  different  manufacturers  of 
steam  engines  putting  into  circulation  boilers  having  powers 
really  different  while  they  are  nominally  the  same. 

The  magnitude  of  the  cylinder  is  regulated  by  the  nominal 
power  of  the  engine,  and  it  is  usual  so  to  regulate  the  eva- 
porating power  of  the  boiler,  that  the  piston  shall  move  at  the 
average  rate  of  200  feet  per  minute.  This  being  assumed, 
it  has  been  customary  to  allow  about  twenty-two  square 
inches  of  piston  surface  for  every  nominal  horse-power  of 


232 


THE  STEAM  ENGINE. 


the  engine.  If  this  power  were  in  conformity  to  the  standard 
already  defined,  this  amount  of  surface  moved  at  200  feet  per 
minute  would  be  impelled  by  a  pressure  amounting  to  T^-  lbs. 
per  square  inch. 

(145.)  Table  showing  the  relation  between  the  dimensions 
of  the  ci/linder  and  the  power.  —  The  following  table,  show- 
ing the  diameter,  stroke,  and  mean  speed  of  the  piston,  is 
in  accordance  with  the  practice  of  Messrs.  Boulton  and  "Watt 
for  low-pressure  condensing  engines  :  — 


Horse 
Power. 

Diameter  of 
Cylinder. 

Length 

of  stroke  in 

Feet. 

Number  of 

Strokes  per 

Minute. 

Speed  in 
Feet  per 
Minute. 

EfTactive 

Pressure  per 

Square  Inch  in 

lbs. 

4 

12 

3 

29 

174 

6-8 

6 

14 

H 

27 

189 

6-82 

,       8 

16 

4 

24 

192 

6-84 

10 

17i 

4 

25 

200 

6-86 

12 

19 

4 

25 

200 

6-88 

14 

20i 

4 

25 

•200 

6-91 

16 

21f 

4* 

23 

207 

6  91 

18 

23 

4 

23 

207 

6-91 

20 

23f 

5 

21i 

215 

6  92 

22 

25 

5 

2li 

215 

6  92 

24 

26 

5 

21A 

215 

6  92 

26 

26f 

5| 

20 

220 

6-92 

28 

27ij 

H 

20 

220 

6-92 

30 

28| 

6 

19 

228 

6-92 

36 

30| 

6 

19 

228 

6-92 

40 

3U 

7 

17i 

245 

6-92 

4.5 

33| 

7 

17^ 

245 

6-92 

50 

3^ 

7 

17^ 

245 

6-94 

60 

38i 

7 

17| 

245 

6-94 

70 

40| 

8 

16 

256 

6  94 

80 

43^ 

8 

16 

256 

6-94 

90 

46| 

8 

16 

256 

6  94 

100 

48f 

8 

16 

256 

6-94 

(146.)  Table  showing  the  relation  between  the  dimensions 
of  the  boiler  and  its  appendages,  and  the  power.  —  The 
dimensions  of  the  waggon  boilers  used  for  the  same  class 
of  engines,  by  the  same  constructors,  are  as  follows  :  — 
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(147.)  General  mechanical  principles  by  which  the  power 
of  engines  ought  to  be  estimated.  —  Since  erroneous  notions 
prevail  respecting  the  circumstances  which  govern  the  power 
of  engines,  and  the  relation  between  the  pressures  of  steam  iu 
the  cylinder  and  in  the  boiler,  we  shall  here  briefly  explain 
the  general  mechanical  principles  on  which  such  questions 
must  be  investigated. 

When  the  engine  is  in  regular  and  constant  work,  the 
motion  of  the  piston  must  be  uniform.  Even  w^hen  working 
expansively,  and  when,  therefore,  the  velocity  of  the  piston 
at  different  parts  of  the  stroke  may  be  different,  the  number 
of  strokes  per  minute,  and  consequently  the  mean  velocity  of 
the  piston,  will  be  invariable.  This  uniform  motion  infers  an 
equality  between  the  resistance  against  which  the  piston 
acts,  and  the  pressure  of  the  steam  upon  it. 

If  we  suppose  the  total  resistance  to  the  motion  of  the  piston, 
including  the  resistances  arising  from  the  engine  itself,  to  be 
expressed  in  pounds  by  k,  and  if  A  express  the  area  of  the 

piston  in  square  inches,  then  -  will  express  the  resistance 

A 

opposed  by  each  square  inch  of  the  piston  to  the  action  of 
the  steam.  This  resistance  being  equal  to  the  pressure  of  the 
steam  in  the  cylinder,  we  shall  have 

R 

if  p  be  the  pressure  of  the  steam  in  pounds  per  square  inch. 

It  is  necessary  to  observe,   that,  whatever  may  be   the 

pressure  of  steam  in  the  boiler,  its  pressure  in  the  cylinder 

K 

cannot  be  permanently  greater  or  less   than  -.    If  it  were 

greater,  the  motion  of  the  piston  would  be  indefinitely  ac- 
celerated ;  if  less,  it  would  be  gradually  retarded  and  soon 
brought  to  rest. 

It  is  clear,  therefore,  that  the  pressure  of  the  steam  in  the 
cylinder  of  an  engine  in  regular  work,  depends  altogether  on 
the  resistance  opposed  to  the  piston ;  and  the  pressure  in  the 
boiler,  whatever  it  be,  can  have  no  permanent  effect  upon  it. 

It  may  be  asked,  whether  the  increased  action  of  the  fur- 
nace will  not  in  such  case  augment  the  pressure  of  the  steam 
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on  the  piston  by  stimulating  the  evaporation  ?  Such  in- 
creased evaporation  will  augment  the  volume  of  steam  sup- 
plied per  minute  to  the  cylinder,  and  will  proportionally 
increase  the  speed  of  the  piston.  In  certain  cases  this  in- 
crease of  speed  will  necessarily  be  attended  with  an  increased 
resistance  to  the  motion  of  the  piston,  as,  for  example,  in  the 
case  of  locomotives,  where  there  is  an  increased  resistance 
from  the  atmosphere ;  and  in  the  case  of  marine  engines, 
where  there  is  an  increased  resistance  both  from  the  water 
and  the  air.  In  these  cases,  the  pressure  of  steam  in  the  cy- 
linder will  be  increased,  but  the  cause  of  this  increase  is  not 
the  increased  action  of  the  furnace,  but  the  increased  re- 
sistance which  is  a  consequence  of  the  increased  speed. 

In  stationary  engines,  where  the  increase  of  speed  is  not 
attended  with  a  sensibly  increased  resistance,  the  augmented 
action  of  the  furnace  produces  no  increase  of  pressure  of  the 
steam  in  the  cylinder. 

The  pressure  of  steam  in  the  boiler  depends  jointly  on  the 
pressure  in  the  cylinder,  and  the  magnitude,  length,  and 
form  of  the  steam  passages  between  the  boiler  and  the 
cylinder.  The  pressure  in  the  boiler  can  only  exceed  the 
pressure  in  the  cylinder  by  that  amount  of  force  which  is 
necessary  to  propel  the  steam  through  the  passages  leading 
from  the  boiler  to  the  cylinder  with  the  necessary  velocity. 
"When  the  passages  are  not  very  long  or  contracted,  and  the 
velocity  of  efflux  not  excessive,  the  difference  of  pressures 
cannot  be  considerable. 

It  is  evident,  therefore,  that  under  no  circumstances  can 
the  pressure  of  steam  in  the  boiler  be  determined  by  the 
safety  valve.  In  the  regular  operation  of  the  engine  that 
valve  is  inactive,  and  might  as  well  be  soldered  up.  It 
comes  into  action  only  occasionally,  and  in  emergencies. 
As,  for  example,  when  from  any  accidental  cause  the  re- 
sistance to  the  motion  of  the  piston  is  suddenly  and  unduly 
increased.  In  such  case  the  pressure  of  the  steam  in  the 
cylinder,  and,  therefore,  in  the  boiler,  will  be  proportionally 
increased,  and  may  at  length  exceed  the  pressure  on  the 
safety  valve.  The  valve,  in  that  case,  will  be  raised,  and 
the  steam  will  escape. 

The  safety  valve,  therefore,  imposes  a  major  limit  to  the 
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pressure  of  steam  in  the  boiler,  but  does  not  govern  or  other- 
wise regulate  that  pressure,  which,  in  the  normal  state  of  the 
machine,  is  always  below  the  limit. 

(148.)  Deduction  made  from  the  gross  poiver  to  obtain 
the  effective  power.  —  The  gross  power  with  which  an  engine 
works  is  therefore  determined  by  the  gross  resistance  opposed 
to  the  piston,  and  by  the  speed  with  which  the  piston  moves. 
But  the  net  or  effective  power  can  only  be  obtained  when  the 
force  expended  on  moving  the  machine  itself  is  known.  That 
force  being  subducted  from  the  gross  power,  the  remainder 
will  be  the  nett  or  effective  power. 

In  the  larger  class  of  stationary  engines  it  has  been  the 
practice  of  engine  builders  to  allow  about  forty  per  cent,  of 
the  gross  power  for  this,  so  that  in  an  engine  producing  the 
gross  power  of  a  hundred  horses,  the  power  of  forty  horses  is 
allowed  for  moving  the  engine,  and  for  waste  power. 

This  has  been,  and  not  without  justice,  regarded  as  an 
extravagant  estimate  of  the  waste  power,  and  the  rule  has 
been  the  subject  of  severe  censure  and  much  ridicule  by  the 
scientific  writers  of  the  Continent,  who  are  accustomed  to 
expect  more  rigour  in  practical  science  than  English  con- 
structors observe. 

Thus  it  is  taken  as  a  preposterous  assumption,  that  a 
machine  which,  develops  a  gross  mechanical  force  of  one 
thousand,  shall  require  for  its  own  motion  a  power  of  400 
horses. 

It  is,  however,  well  understood  among  practical  men  in 
England,  that  the  actual  power  of  the  engines  is  greater 
than  their  nominal  power.  Indeed,  the  nominal  horse-power 
of  engines  is  to  be  understood  as  nothing  more  than  a  mode 
of  indicating  the  magnitude  of  the  machines. 

(149.)  Duty  of  engines.  —  The  duty  of  engines  varies 
according  to  their  form  and  magnitude,  the  circumstances 
under  which  they  are  worked,  and  the  purposes  to  which 
they  are  applied.  In  double-acting  engines  working  without 
expansion,  the  coal  consumed  per  nominal  horse-power  per 
hour  varies  from  seven  to  twelve  pounds.  An  examination  of 
the  steam  logs  of  several  government  steamers  made  in  1838 
gave,  as  the  average  of  consumption  of  fuel  at  that  time  of  the 
best  class  of  marine  engines,  about  eight  pounds  per  nominal 
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horse-power  per  hour.  Since,  however,  no  account  could 
be  obtained  of  the  actual  evaporation  of  water  in  the  boiler, 
nor,  with  the  necessary  degree  of  precision,  of  the  quantity 
and  pressure  of  the  steam  which  passed  through  the  cylinder, 
this  estimate  must  be  regarded  as  an  approximation  subject 
to  several  causes  of  error.  The  question  of  the  duty  of 
boilers  and  engines  applied  to  the  general  purposes  of  manu- 
factures and  navigation,  is  one  which  has  not  yet  been 
satisfactorily  investigated ;  and  it  were  much  to  be  desired 
that  the  proprietors  of  such  engines  should  combine  to  es- 
tablish a  strict  analysis  of  their  performance  in  reference  to 
their  consumption  of  fuel,  their  evaporation  of  water,  and 
their  useful  effects.  The  results  of  such  an  investigation,  if 
properly  conducted,  would  perhaps  tend  more  to  the  improve- 
ment of  the  steam  engine  than  any  discoveries  in  science,  or 
inventions  in  mechanical  detail  likely  to  be  made  in  the 
present  stage  of  the  progress  of  that  machine. 

(150.)  Duty  of  Cornish  engines.  —  A  strict  investigation 
of  this  kind  has  been  for  many  years  carried  on  respecting 
the  performance  of  the  steam  engines  used  for  the  drainage 
of  the  mines  in  Cornwall ;  and  it  has  been  attended  with 
effects  the  most  beneficial  to  the  interests  of  those  concerned 
in  them.  The  engines  to  which  this  important  inquiry  has 
been  applied  being  used  for  the  purpose  of  pumping,  are 
generally  single-acting  engines,  in  which  steam  is  used  ex- 
pansively to  a  great  extent.  The  steam  is  produced  under  a 
very  high  pressure  in  the  boiler,  and  being  admitted  to  the 
cylinder  is  cut  off  after  a  small  portion  of  the  entire  stroke  has 
been  made,  the  remainder  of  the  stroke  being  produced  by 
the  expansion  of  the  steam. 

About  the  year  1811,  a  number  of  the  proprietors  of  the 
principal  Cornish  mines  agreed  to  establish  this  system  of 
inspection,  under  the  management  and  direction  of  Captain 
Joel  Lean,  and  to  publish  monthly  reports.  In  these  re- 
ports were  stated  the  following  particulars: — 1.  The  load 
per  square  inch  on  the  piston ;  2.  The  consumption  of  coal 
in  bushels ;  3.  The  number  of  strokes  made  by  the  engine  ; 
4.  The  length  of  the  strokes  in  the  pumps  ;  5.  The  load  in 
pounds ;  6.  The  duty  of  the  engine,  expressed  by  the  num- 
ber of  pounds  raised  one  foot  high  by  the  consumption  of  a 
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bushel  of  coals ;  7.  The  number  of  strokes  per  minute  ; 
8.  The  diameter  and  stroke  of  the  cylinder,  and  a  general 
description  of  the  engine.  "When  these  reports  were  com- 
menced, the  number  of  engines  brought  under  inspection  was 
twenty-one.  In  the  year  1813  it  increased  to  twenty-nine; 
in  1814  to  thirty-two  ;  in  1820  the  number  reported  upon 
increased  to  forty  ;  in  1828  the  number  was  fifty-seven  ;  and 
in  1836  it  was  sixty-one.  This  gradual  increase  in  the  num- 
ber of  engines  brought  under  this  system  of  inspection,  was 
produced  by  the  good  effects  which  attended  it.  These  bene- 
ficial consequences  were  manifested,  not  only  in  the  improved 
performance  of  the  same  engines,  but  in  the  gradually  im- 
proved efiiciency]of  those  which  were  afterwards  constructed. 

(151.)    Table  showing  the  increasing  duty  of  Cornish 
engines  since  1812. 


Years. 

No.  of 

Average  Duty  of  the 

Average  Duty  of  the 

Engines. 

whole. 

best  Engine. 

1812 

21 

19,300,000 

1813 

29 

19,500,000 

26,400,000 

1814 

32 

20,600,000 

32,030,000 

1815 

35 

20,500,000 

28,700,000 

1816 

35 

23,000,000 

32,400,000 

1817 

35 

26,500,000 

41,600,000 

1818 

36 

25,400,000 

39,300,000 

1819 

40 

26,300,000 

40,000,000 

1820 

46 

28,700,000 

41,300,000 

1821 

45 

28,200,000 

42,800,000 

1822 

52 

28,900,000 

42,500,000 

1823 

52 

28,200,000 

42,100,000 

1824 

49 

28,300,000 

43,500,000 

1825 

56 

32,000,000 

45,400,000 

1826 

51 

30,500,000 

45,200,000 

1827 

51 

32,100,000 

59,700,000 

1828 

57 

37,100,000 

76,800,000 

1829 

53 

41,700,000 

77,000,000 

1830 

56 

43,300,000 

78,000,000 

1881 

58 

43,400,000 

71,100.000 

1832 

59 

45,000,000 

85,000,000 

1833 

56 

46,600,000 

84,300,000 

1834 

52 

47,800,000 

90,900,000 

1835 

51 

47,800,000 

91,700,000 

1836 

61 

46,600,000 

85,400,000 

1837 

58 

47,000,000 

87,200,000 

1838 

1 

61 

48,700,000 

84,200,000 
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The  preceding  table,  taken  from  the  statement  of  the  duty 
of  Cornish  engines  by  Thomas  Lean  and  brother,  lately 
published  by  the  British  Association,  will  show  in  a  striking 
manner  the  improvement  of  the  Cornish  engines,  from  the 
commencement  of  this  system  of  inspection  to  the  present 
time.  The  duty  is  expressed  by  the  number  of  pounds 
raised  one  foot  high  by  the  consumption  of  a  bushel  of 
coals. 

Since  1838,  the  duty  of  the  Cornish  engines  has  been 
further  augmented,  so  that  in  1843  the  average  duty 
amounted  to  60,000,000. 

As  an  example  of  the  beneficial  effects  produced  upon  the 
efficiency  of  an  individual  engine  by  the  first  application  of 
this  system  of  inspection,  the  case  of  the  Stray  Park  engine 
may  be  mentioned.  This  engine,  constructed  by  Boulton  and 
Watt,  had  a  sixty  inch  cylinder,  and  when  first  reported  in 
1811,  its  duty  amounted  to  16,000,000  lbs.  After  having 
been  reported  on  for  three  years,  its  duty  was  found  to  have 
increased  to  32,000,000 ;  this  estimate  being  taken  from  the 
average  result  of  twelve  months'  performance.  Its  duty  was 
doubled  in  less  than  three  years. 

It  will  appear,  by  inspection  of  the  duties  registered  in  the 
preceding  table,  that  the  augmentation  of  the  efficiency  of 
the  engines  has  not  been  the  effect  of  any  great  or  sudden 
improvement,  but  has  rather  resulted  from  the  combination 
of  a  great  number  of  small  improvements  in  the  details  of 
the  operation  of  these  machines.  In  these  improvements 
more  is  due  to  the  successful  application  of  practical  ex- 
perience than  to  any  new  principles  developed  by  scientific 
research.  Mr.  John  Taylor,  in  his  "  Records  of  Mining,"  has 
traced  the  successive  improvements  on  which  the  increased 
duty  of  engines  depends,  and  has  connected  these  improve- 
ments with  their  causes  in  the  order  of  their  dates.  The 
following  results,  abridged  from  his  estimates,  may  not  be 
uninteresting :  — 

In  1 769,  soon  after  the  date  of  the  earliest  discoveries  of 
Mr.  Watt,  but  before  they  had  come  into  practical  applica- 
tion, Smeaton  computed  that  the  average  duty  of  fifteen 
atmospheric  engines,  working   at   Newcastle-on-Tyne,  was 
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5,590,000.  The  duty  of  the  best  of  these  engines  was 
7,440,000,  and  that  of  the  worst  3,220,000. 

In  1772,  Smeaton  commenced  his  improvements  on  the 
atmospheric  engine,  and  raised  the  duty  to  9,450,000. 

In  1776,  Watt  obtained  a  duty  of  21,600,000. 

At  this  time  Smeaton  acknowledged  that  AVatt's  engines 
gave  a  duty  amounting  to  double  that  of  his  own. 

In  1778-79,  Watt  reported  a  duty  of  23,400,000. 

From  1779  to  1788,  Watt  introduced  the  application  of 
expansion,  and  raised  the  duty  to  26,600,000. 

In  1798,  an  engine  by  Boulton  and  Watt,  erected  at  Her- 
land,  was  reported  as  giving  a  duty  of  27,000,000. 

This  engine,  which  was  probably  the  best  which  at  that 
time  had  ever  been  erected,  attracted  the  particular  attention 
of  Mr.  Watt,  who,  on  visiting  Cornwall,  went  to  see  it,  and 
had  many  experiments  tried  with  it.  It  was  under  the  care 
of  Mr.  Murdock,  the  agent  of  Messrs.  Boulton  and  Watt  in 
Cornwall.  When  Mr.  Watt  inspected  it  he  pronounced  it 
perfect,  and  that  further  improvement  could  not  be  expected. 
How  singular  an  instance  this  of  the  impossibility,  even  of 
the  most  sagacious,  to  foresee  the  results  of  mechanical  im- 
provement !  In  twenty  years  afterwards  the  average  duty  of 
the  best  engine  was  nearly  40,000,000,  and  in  forty  years  it 
was  above  84,000,000. 
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CHAPTER  L 

THE   MABIXE   ENGIKE. 

(152.)  Propulsion  by  paddle  wheels.  —  The  manner  in 
which  the  steam  engine  is  applied  to  the  propulsion  of  vessels 
must  in  its  general  features  be  so  familiar  as  to  require  but 
short  explanation.  A  shaft  is  carried  across  the  vessel,  being 
continued  on  either  side  beyond  the  timbers:  to  the  extrem- 
ities of  this  shaft,  on  the  outside  of  the  vessel,  are  fixed  a  pair 
of  wheels,  usually  constructed  like  undershot  water  wheels, 
having  attached  to  their  rims  a  number  of  flat  boards  called 
paddle  boards.  As  the  wheels  revolve,  these  paddle  boards 
strike  the  water,  driving  it  in  a  direction  contrary  to  that  in 
which  it  is  intended  the  vessel  should  be  propelled.  The 
moving  force  imparted  to  the  water  thus  driven  backwards 
is  necessarily  accompanied  by  a  re-action  upon  the  vessel 
through  the  medium  of  the  paddle  shaft,  by  which  the  vessel 
is  propelled  forwards.  On  the  paddle  shaft  two  cranks  are 
constructed,  similar  to  the  crank  already  described  on  the 
axle  of  the  fly-wheel  of  a  stationary  engine.  These  cranks 
arc  placed  at  right  angles  to  each  other,  so  that  when  either 
is  in  its  highest  or  lowest  position  the  other  shall  be  hori- 
zontal. They  are  driven  by  two  steam  engines,  which  are 
placed  in  the  hull  of  the  vessel  below  the  paddle  shaft.  In 
the  earlier  steam  boats  a  single  steam  engine  was  used,  and 
in  that  case  the  unequal  action  of  the  engine  on  the  crank 
was  equalised  by  a  fly-wheel.  This,  however,  has  been  long 
since  abandoned  in  European  vessels,  and  the  use  of  two 

M 


242  STEAM  NAVIGATION. 

engines  is  now  almost  universal.  By  the  relative  position 
of  the  cranks  it  will  be  seen,  that  when  either  crank  is  at  its 
dead  points  the  other  will  be  in  the  positions  most  favourable 
to  its  action,  and  in  all  intermediate  positions  the  relative 
eificiency  of  the  cranks  will  be  such  as  to  render  their  com- 
bined action  very  nearly  uniform. 

The  steam  engines  used  to  impel  vessels  may  be  either 
condensing  engines,  similar  to  those  of  Watt,  and  such  as 
are  used  in  manufactures  generally,  or  they  may  be  non- 
condensing  and  high-pressure  engines,  similar  in  principle  to 
those  used  on  railways.  Low-pressure  condensing  engines 
are,  however,  universally  used  for  marine  purposes  in  Europe, 
and  to  a  great  extent  in  the  United  States.  In  the  latter 
country,  however,  high-pressure  engines  are  also  used  in 
some  of  the  river  steamers. 

(153.)  General  description  of  marine  engines.  —  The  ar- 
rangement of  the  parts  of  a  marine  engine  differs  in  some 
respects  from  that  of  a  land  engine.  The  limitation  of  space, 
which  is  unavoidable  in  a  vessel,  renders  greater  compact- 
ness necessary.  The  paddle  shaft  on  which  the  cranks  to  be 
driven  by  the  engine  are  constructed  being  very  little  below 
the  deck  of  the  vessel,  the  beam  and  connecting  rod  could 
not  be  placed  in  the  position  in  which  they  usually  are 
in  land  engines,  without  carrying  the  machinery  to  a  con- 
siderable elevation  above  the  deck.  This  is  done  in  the 
steam  boat  engines  used  on  the  American  rivers  ;  but  it 
would  be  inadmissible  in  steam  boats  in  general,  and  more 
especially  in  sea-going  steamers.  The  connecting  rods,  there- 
fore, instead  of  being  presented  downwards  towards  the 
cranks  which  they  drive,  must,  in  steam  vessels,  be  presented 
upwards,  and  the  impelling  force  received  from  below.  If, 
under  these  circumstances,  the  beam  were  in  the  usual  posi- 
tion above  the  cylinder  and  piston  rod,  it  must  necessarily 
be  placed  between  the  engine  and  the  paddle  shaft.  This 
would  require  a  depth  for  the  machinery  which  would  be 
incompatible  with  the  magnitude  of  the  vessel.  The  beam, 
therefore,  of  marine  engines,  instead  of  being  above  the 
cylinder  and  piston,  is  placed  below  them.  To  the  top  of 
the  piston  rods,  cross-pieces  are  attached,  of  greater  length 


MARINE  ENGINES.  243 

than  the  diameter  of  the  cylinders,  so  that  their  extremitiea 
shall  project  beyond  the  cylinders.  To  the  ends  of  these 
cross-pieces  are  attached  by  joints  the  rods  of  a  parallel  mo- 
tion :  these  rods  are  carried  downwards,  and  are  connected 
with  the  ends  of  two  beams  below  the  cylinder,  and  placed 
on  either  side  of  it.  The  op|)osite  ends  of  these  beams  are 
connected  by  another  cross-piece,  to  which  is  attached  a  con- 
necting rod,  which  is  continued  upwards  to  the  crank-pin,  to 
which  it  is  attached,  and  which  it  drives.  Thus  the  beam, 
parallel  motion,  and  connecting  rod  of  a  marine  engine,  are 
similar  to  those  of  a  land  engine,  only  that  they  are  turned 
upside  down  ;  and  in  consequence  of  the  impossibility  of 
placing  the  beam  directly  over  the  piston  rod,  two  beams  and 
two  systems  of  parallel  motion  are  provided,  one  on  each 
side  of  the  engine,  acted  upon  by,  and  acting  on  the  piston 
rod  and  crank  by  cross-pieces. 

The  proportion  of  the  cylinders  differs  from  that  usually 
observed  in  land  engines  for  like  reasons  The  length  of 
the  cylinder  of  land  engines  is  generally  greater  than  its 
diameter.  In  the  proportion  of  about  two  to  one.  The  cylin- 
ders of  marine  engines  are,  however,  commonly  constructed 
with  a  diameter  very  little  less  than  their  length.  In  pro- 
portion, therefore,  to  their  power  their  stroke  is  shorter, 
which  infers  a  corresponding  shortness  of  crank  and  a  greater 
limitation  of  play  of  all  the  moving  parts  in  the  vertical  di- 
rection. The  valves  and  the  gearing  by  which  they  are 
worked,  the  air-pump,  the  condenser,  and  other  parts  of  the 
marine  engines,  do  not  materially  differ  from  those  already 
described  in  land  engines. 

These  arrangements  of  a  marine  engine  will  be  more 
clearly  understood  by  reference  to  fig.  79.,  in  which  is  re- 
presented a  longitudinal  section  of  a  marine  engine  with  its 
boiler  as  placed  in  a  steam  vessel.  The  sleepers  of  oak, 
supporting  the  engine,  are  represented  at  x,  the  base  of  the 
engine  being  secured  to  these  by  bolts  passing  through  them 
and  the  bottom  timbers  of  the  vessel ;  s  is  the  steam  pipe 
leading  from  the  steam  chest  in  the  boiler  to  the  slides  c,  by 
which  it  is  admitted  to  the  top  and  bottom  of  the  cylinder. 
The  condenser  is  represented  at  b,  and  the  air-pump  at  b. 
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The  hot  well  is  seen  at  f,  from  which  the  feed  is  taken  for 
the  boiler ;  l  is  the  piston  rod  connected  by  the  parallel 
motion  a  with  the  beam  H,  working  on  a  centre  K,  near  the 
base  of  the  engine.  The  other  end  of  the  beam  i  drives  the 
connecting  rod  Ji,  which  extends  upwards  to  the  crank,  which 
it  works  upon  the  paddle  shaft  o,  Q  r  is  the  framing  by 
which  the  engine  is  supported.  The  beam  here  exhibited  is 
shown  on  dotted  lines  as  being  on  the  further  side  of  the 
engine.     A  similar  beam  similarly  placed,  and  moving  on 

Fig.  80. 


the  same  axis,  must  be  understood  to  be  at  this  side  con- 
nected with  the  cross-head  of  the  piston  in  like  manner  by  a 
parallel  motion,  and  with  a  cross-piece  attached  to  the  lower 
end  of  the  connecting  rod  and  to  the  opposite  beam.  The 
eccentric  which  works  the  slides  is  placed  upon  the  paddle 
diaft  o,  and  the  connecting  arm  which  drives  the  slides  may 
be  easily  detached  when  the  engine  requires  to  be  stopped. 
The  section  of  the  boiler,  grate,  and  flues  is  represented  at 
w  u.     The  safety  valve  y  is  enclosed  beneath  a  pipe  carried 
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up  beside  the  chimney,  and  is  inaccessible  to  the  engine  man  ; 
h  are  the  cocks  for  blowing  the  salted  water  from  the  boiler, 
and  1 1  the  feed  pipe. 

The  general  arrangement  of  the  engine  room  of  a  steam 
vessel  is  represented  uxjig.  80. 

The  nature  of  the  effect  required  to  be  produced  by  marine 
engines  does  not  render  either  necessary  or  possible  that 
great  regularity  of  action  which  is  indispensable  in  a  steam 
engine  applied  to  the  purposes  of  manufacture.  The  agi- 
tation of  the  surface  of  the  sea  will  cause  the  immersion  of 
the  paddle  wheels  to  be  subject  to  great  variation,  and  the 
resistance  produced  by  the  water  to  the  engine  will  undergo 
a  corresponding  change.  The  governor,  therefore,  and  other 
parts  of  the  apparatus,  contrived  for  giving  to  the  engine 
that  great  regularity  required  in  manufactures,  are  omitted 
in  nautical  engines,  and  nothing  is  introduced  save  what 
is  necessary  to  maintain  the  machine  in  its  full  working 
efficiency. 

(154.)  Description  of  marine  boilers  and  furnaces.  — To 

save  space,  marine  boilers  are  constructed  so  as  to  produce 

^.  the  necessary  quan- 

Ftg  81.  .        c  •  ,  • 

tity  oi  steam  within 

the  smallest  possible 
dimensions.  With 
this  view  a  more 
extensive  surface  in 
proportion  to  the 
capacity  of  the  boiler 
is  exposed  to  the  ac- 
tion of  the  fire.  The 
flues,  by  which  the 
flame  and  heated  air 
are  conducted  to  the 
chimney,  are  gene- 
rally so  constructed 
that  the  heat  may 
act  upon  the  water 
on  every  side  in  thin 
oblong  shells  or 
plates.     This  is  accomplished  by  flues  so  formed  as  to  trar 
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verse  the  boiler  backwards  and  forwards  several  times  before 
tbej  terminate  in  the  chimney.  Such  an"  arrangement  ren- 
ders   the    expense   of 


Fig.  82. 


the  boilers  greater,  but 
their  steam-producing 
power  is  proportion- 
ally augmented ;  and 
experiments  made  by 
!Mr.  Watt,  at  Birming- 
ham, have  proved  that 
such  boilers  with  the 
same  consumption  of 
fuel  will  produce,  as 
compared  with  com- 
mon land  boilers,  an 
increased  evaporation  in  the  proportion  of  about  three 
to  two. 

The  form  and  arrangement  of  the  water-spaces  and  flues 
in  marine  boilers  are  infinitely  various.  The  sections  of  the 
boilers  used  in  some  of  the  government  steamers  are  ex- 
hibited in  Jigs. S\,  82,  83.  A  section  made  by  a  horizontal 
plane  passing  through  the  flues  is  exhibited  in  Jig.  81. 
The  furnaces  f  communicate  in  pairs  with  the  flues  e,  the 
air  following  the  course  through  the  flues  represented  by  the 
arrows.  The  flue  e  passes  to  the  back  of  the  boiler,  then 
returns  to  the  front,  then  to  the  back  again,  and  is  finally 
carried  back  to  the  front,  where  it  communicates  at  c  with 
the  carved  flue  b,  represented  in  the  transverse  vertical  sec- 
tion. Jig.  82.  This  curved  flue  b  finally  terminates  in  the 
chimney  a.  There  are,  in  this  case,  three  independent  boilers, 
ach  worked  by  two  furnaces  communicating  with  the  same 
=tem  of  flues ;  and  in  the  curved  flues  b,  Jig.  82.,  by 
which  the  air  is  finally  conducted  through  the  chimney,  are 
placed  three  independent  dampers,  by  means  of  which  the 
furnace  of  each  boiler  can  be  regulated  independently  of  the 
other,  and  by  which  each  boiler  may  be  separately  detached 
from  communication  with  the  chimney. 

A  longitudinal  section  of  the  boiler  made  by  a  vertical 
plane  extending  from  the  front  to  the  back   is  given  in 
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jig.  83.,  where  p,  as  before,  is  the  furnace,  g  the  grate  bars 
sloping  downwards  from  the  front  to  the  back,  H  the  fire 
bridge,  C  the  commencement  of  the  flues,  and  A  the  chimney. 


Fig-  83 


An  elevation  of  the  front  of  the  boiler  is  represented  in 
Jig.  84.,  showing  two  of  the  fire  doors  closed,  and  the  other 
two  removed,  displaying  the  position  of  the  grate  bars  in 


front.  Small  openings  are  also  provided,  closed  by  proper 
doors,  by  which  access  can  be  had  to  the  under-side  of  the 
flues,  between  the  foundation  timbers  of  the  engine,  for  the 
purpose  of  cleaning  them. 

Each  of  these  boilers   can   be   worked   independently  of 
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the  others.  By  this  means,  when  at  sea,  the  engine 
may  be  worked  by  any  two  of  the  three  boilers,  while  the 
third  is  being  cleaned  and  put  in  order.  In  all  sea-going 
steamers,  multiple  boilers  are  at  present  provided  for  this 
purpose. 

In  the  boilers  here  represented  the  flues  are  all  upon  the 
same  level,  winding  backwards  and  forwards  without  passing 
one  above  the  other.  In  other  boilers,  however,  the  flues, 
after  passing  backwards  and  forwards  near  the  bottom  of  the 
boiler,  turn  upwards  and  pass  backwards  and  forwards  through 
a  level  of  the  water  nearer  its  surface,  finally  terminating  in 
the  chimney.  More  heating  surface  is  thus  obtained  with 
the  same  capacity  of  boiler. 

(155.)  Want  of  general  principles  in  the  construction  of 
marine  boilers  and  their  appendages.  —  There  cannot  be  a 
more  striking  proof  of  the  ignorance  of  general  principles 
which  prevails  respecting  this  branch  of  steam  engineer- 
ing, than  the  endless  variety  of  forms  and  proportions 
which  are  adopted  in  the  boilers  and  furnaces,  which  are 
constructed,  not  only  by  different  engineers  but  by  the  same 
engineer,  for  steamers  of  like  power  and  capacity,  and 
even  for  the  same  steamer  at  different  times.  Thus  the 
original  boilers  of  the  Great  Western,  built  for  the  New  York 
and  Bristol  or  Liverpool  voyage,  was  of  the  common  flue  sort. 
They  were  subsequently  taken  out  and  replaced  by  tubular 
boilers.  The  dimensions  and  relative  proportions  of  these 
two  sets  of  boilers,  thus  supplied  to  the  same  vessel  for  the 
same  voyage,  were  as  follows :  — 

Flue  surface 
Fire  surface 
Smoke  box  surface 
Total  heating  surface 
Area  of  grate 
Steam  space  in  boiler 
Weight  of  boiler 
Weight  of  -water 
Average  consumption  of  fiien 
per  voyage,  out  and  home  J 
Average  time  of  voyage 
Nominal  horse -power 


Original  Boilen. 

Second  Boilers. 

2950  sq.  ft. 

5900  sq.  ft. 

890       „ 

420       „ 

—          „ 

830       „ 

3840       „ 

7150       „ 

202        „ 

145       „ 

1150  cub.  ft. 

1320  cub.  ft 

202  tons. 

56  tons. 

80      „ 

52       „ 

1000      „ 

696       „ 

27  J  days. 

29  days. 

400       „ 

400      „ 
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Heating  surface,  per  H.  P. 
Fire  grate,  ditto 

Steam  space,       ditto 
Coal  per  hour,    ditto 


Original  Boilers. 
9-6  sq.  ft. 
0-5        „ 
2-875  cub.  ft. 
8-333  lbs. 


Second  Boilers. 
17-87.5  sq.  ft. 

0-3625    „ 

3-300  cub.  ft. 

5-600  lbs. 


The  speed  of  the  vessel  was  less  with  the  second  set  of 
boilers.  Her  consumption  of  fuel  per  voyage  vras,  as  might 
be  expected,  also  diminished,  but  in  a  mucli  greater  ratio  than 
her  speed. 

On  contemplating  engineering  proceedings,  such  as  are 
exhibited  in  the  preceding  table,  it  is  impossible  to  deny  that 
practical  men  in  such  cases  are  groping  in  the  dark,  without 
the  slightest  benefit  from  the  light  which  they  ought  to  de- 
rive from  the  present  advanced  state  of  physical  science. 
,  (156.)  Tubular  marine  boilers.  —  Tubular  flues  have  been 
in  many  recently  built  steamers  adopted  in  preference  to  the 
flat  and  longer  flues  already  described.  In  the  second  set  of 
boilers  of  the  Great  Western  above-mentioned,  the  tubes 
were  8  feet  in  length  and  3  inches  inside  diameter.  In  the 
boilers  of  the  steamer  Ocean,  which  are  also  tubular,  the 
following  are  the  principal  dimensions :  — 


Boilers  : 

' 

Number 

- 

- 

-       3 

Length 
Breadth 

- 

- 

-  14  feet. 

-  19^  feet. 

Furnaces : 

Number 

- 

- 

-      7 

Length 
Breadth 

- 

• 

-  7  feet. 

-  2ijfeet 

Tubes  : 

Material 

- 

. 

Iron 

Number 

. 

- 

-  378 

Length 
Diameter 

: 

- 

9  feet. 
3^  inches. 

Cylinders  : 

Number 

-       2 

Diameter 

- 

. 

-     56  inches. 

Stroke 

- 

- 

-       5^  feet. 

Pressure  of  steam  above  atmosphere 
Consumption  of  coal  per  hour  - 

. 

4j  lbs.  per  in. 
-     18  cwt. 

■" 


(157.)  Inconvenience  arising  from  the  use  of  sea  water  in 
the  boiler.  —  A  formidable  difficulty  which  has  been  encoun- 
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tered  in  the  application  of  the  steam  engine  to  sea  voyages 
has  arisen  from  the  necessity  of  supplying  the  boiler  with  sea 
water  instead  of  pure  fresh  water.  The  sea  water  is  injected 
into  the  condenser  for  the  purpose  of  condensing  the  steam, 
and  it  is  thence  mixed  with  the  condensed  steam,  conducted 
as  feeding  water  into  the  boiler. 

Sea  water  holds,  as  is  well  known,  certain  alkaline  sub- 
stances in  solution,  the  principal  of  which  is  muriate  of  soda, 
or  common  salt.  Ten  thousand  grains  of  pure  sea  water 
contain  two  hundred  and  twenty  grains  of  common  salt,  the 
remaining  ingredients  being  thirty-three  grains  of  sulphate 
of  sodn,  forty-two  grains  of  muriate  of  magnesia,  and  eight 
grains  of  muriate  of  lime.  The  heat  which  converts  pure 
water  into  steam  does  not  at  the  same  time  evaporate  those 
salts  which  the  water  holds  in  solution.  As  a  consequence 
it  follows,  that  as  the  evaporation  in  the  boiler  is  continued, 
the  salt,  which  was  held  in  solution  by  the  water  which  has 
been  evaporated,  remains  in  the  boiler,  and  enters  into  solu- 
tion with  the  water  remaining  in  it.  The  quantity  of  salt 
contained  in  sea  water  being  considerably  less  than  that 
which  water  is  capable  of  holding  in  solution,  the  process  of 
evaporation  for  some  time  is  attended  with  no  other  effect  than 
to  render  the  water  in  the  boiler  a  stronger  solution  of  salt. 
If,  however,  this  process  be  continued,  the  quantity  of  salt 
retained  in  the  boiler  having  constantly  an  increasing  pro- 
portion to  the  quantity  of  water,  it  must  at  length  render  the 
water  in  the  boiler  a  saturated  solution ;  that  is,  a  solution 
containing  as  much  salt  as  at  the  actual  temperature  it  is 
capable  of  holding  in  solution.  If,  therefore,  the  evaporation 
be  continued  beyond  this  point,  the  salt  disengaged  from  the 
water  evaporated  instead  of  entering  into  solution  with  the 
water  remaining  in  the  boiler  will  be  precipitated  in  the 
form  of  sediment  ;  and  if  the  process  be  continued  in  the 
same  manner,  the  boiler  would  at  length  become  a  mere 
salt-pan. 

But  besides  the  deposition  of  salt  sediment  in  a  loose  form, 
some  of  the  constituents  of  sea  water  having  an  attraction 
for  the  iron  of  the  boiler,  collect  upon  it  in  a  scale  or  crust  in 
the  same  manner  as  earthy  matters  held  in  solution  by 
spring  water  are  observed  to  form  and  become  incrusted  on 
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the  inner  surface  of  land-boilers  and  of  common  culinary- 
vessels. 

The  coating  of  the  inner  surface  of  a  boiler  by  incrusta- 
tion and  the  collection  of  salt  sediment  in  its  lower  parts,  are 
attended  with  effects  highly  injurious  to  the  materials  of  the 
boiler.  The  crust  and  sediment  thus  formed  within  the 
boiler  are  non-conductors  of  heat,  and  placed,  as  they  are, 
between  the  water  contained  in  the  boiler  and  the  metallic 
plates  which  form  it,  they  obstruct  the  passage  of  heat  from 
the  outer  surface  of  the  plates  in  contact  with  the  fire  to  the 
water.  The  heat,  therefore,  accumulating  in  the  boiler  plates 
so  as  to  give  them  a  much  higher  temperature  than  the 
water  within  the  boiler,  has  the  effect  of  softening  them, 
and  by  the  unequal  temperature  which  will  thus  be  im- 
parted to  the  lower  plates  which  are  incrusted,  compared 
with  the  higher  parts  which  may  not  be  so,  an  unequal  ex- 
pansion is  produced,  by  which  the  joints  and  seams  of  the 
boiler  are  loosened  and  opened,  and  leaks  produced. 

(158.)  Remedies  proposed  for  these  inconveniences.  —  These 
injurious  effects  can  only  be  prevented  by  either  of  two 
methods ;  first,  by  so  regulating  the  feed  of  the  boiler  that 
the  water  it  contains  sliall  not  be  suffered  to  reach  the  point 
of  saturation,  but  shall  be  so  limited  in  its  degree  of  saltness 
that  no  injurious  incrustation  or  deposit  shall  be  formed; 
and  secondly,  by  the  adoption  of  some  method  by  which  the 
boiler  may  be  worked  with  fresh  water.  This  end  can  only 
be  attained  by  condensing  the  steam  by  a  jet  of  fresh  water, 
and  working  the  boiler  continually  by  the  same  water,  since 
a  supply  of  fresh  water  sufficient  for  a  boiler  worked  in  the 
ordinary  way  could  never  be  commanded  at  sea. 

(159.)  Method  by  blowing  out  the  over-salted  water. — 
The  method  by  which  the  saltness  of  the  water  in  the  boiler 
is  most  commonly  prevented  from  exceeding  a  certain  limit 
has  been  to  discharge  from  the  boiler  into  the  sea  a  certain 
quantity  of  over-salted  water,  and  to  supply  its  place  by  sea- 
water  introduced  into  the  condenser  through  the  injection- 
cock  for  the  purpose  of  condensing  the  steam,  this  water 
being  mixed  with  the  steam  so  condensed,  and  being,  there- 
fore, a  weaker  solution  of  salt  than  common  sea  water.  To 
effect  this,  cocks,  called  blow-off  cocks,  are  usually  placed  in 
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the  lower  parts  of  the  boiler,  where  the  over-salted,  and  there-* 
fore  heavier,  parts  of  the  water  collect.  The  pressure  of  the 
steam  and  incumbent  weight  of  the  water  in  the  boiler  force 
the  lower  strata  of  water  out  through  these  cocks ;  and 
this  process,  called  blowing  out,  is,  or  ought  to  be,  practised 
at  such  intervals  as  will  prevent  the  water  from  becoming 
over-salted,  ^^'hen  the  salted  water  has  been  blown  out  in 
this  manner,  the  level  of  the  water  in  the  boiler  is  restored 
by  a  feed  of  corresponding  quantity. 

This  process  of  blowing  out,  on  the  due  and  regular  ob- 
servance of  which  the  presei'vation  and  efficiency  of  the 
boiler  mainly  depend,  is  too  often  left  at  the  discretion  of 
the  engineer,  who  is,  in  most  cases,  not  even  supplied  with 
the  proper  means  of  ascertaining  the  extent  to  which  the 
process  should  be  carried.  It  is  commonly  required  that  the 
engineer  should  blow  out  a  certain  portion  of  the  water 
in  the  boiler  every  two  hours,  restoring  the  level  by  a  feed 
of  equivalent  amount ;  but  it  is  evident  that  the  sufficiency 
of  the  process  founded  on  such  a  rule  must  mainly  depend  on 
the  supposition  that  the  evaporation  proceeds  always  at  the 
same  rate,  which  is  far  from  being  the  case  with  marine 
boilers. 

(160.)  Advantage  of  an  indicator  ichich  would  show  the 
saltness. —  An  indicator,  by  which  the  saltness  of  the  water 
in  the  boiler  would  always  be  exhibited,  ought  to  be  pro- 
vided, and  the  process  of  blowing  out  should  be  regulated  by 
the  indications  of  that  instrument.  To  blow  out  more  fre- 
quently than  is  necessary  is  attended  with  a  waste  of  fuel ; 
for  hot  water  is  thus  discharged  into  the  sea  while  cold  water 
is  introduced  in  its  place,  and  consequently  all  the  heat 
necessary  to  produce  the  difference  of  the  temperatures  of  the 
water  blown  out  and  the  feed  introduced  is  lost.  If,  on  the 
other  hand,  the  process  of  blowing  out  be  observed  less 
frequently  than  is  necessary,  then  more  or  less  incrustation 
and  deposit  may  be  produced,  and  the  injurious  effects  already 
described  ensue. 

(161.)  The  hydrometer  might  be  used.  —  As  the  specific 
gravity  of  water  holding  salt  in  solution  is  increased  with 
every  increase  of  the  strength  of  the  solution,  any  form  of 
hydrometer  capable  of  exhibiting  a  visible  indication  of  the 
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Specific  gravity  of  the  water  contained  in  the  boiler  would 
serve  the  purpose  of  an  indicator,  to  show  when  the  pi'ocess 
of  blowing  out  is  necessary,  and  wlien  it  has  been  carried  to 
a  sufficient  extent.  The  application  of  such  instruments, 
however,  would  be  attended  with  some  practical  difficulties 
in  the  case  of  sea  boilers. 

(162.)  Indication  by  the  thermometer  or  by  the  pressure. — 
The  tempei'ature  at  which  a  solution  of  salt  boils  under  a 
given  pressure  varies  considerably  with  the  strength  of  the 
solution  ;  the  more  concentrated  the  solution  is,  the  higher 
will  be  its  boiling  temperature  under  the  same  pressure.  A 
comparison,  therefore,  of  a  steam  gauge  attached  to  the 
boiler,  and  a  thermometer  immersed  in  it,  showing  the  pres- 
sure and  the  temperature,  would  always  indicate  the  saltness 
of  the  water ;  and  it  would  not  be  difficult  so  to  graduate 
these  instruments  as  to  make  them  at  once  show  the  degree 
of  saltness. 

If  the  application  of  the  thermometer  be  considered  to  be 
attended  with  practical  difficulty,  the  difference  of  pressures 
under  which  the  salt  water  of  the  boiler  and  fresh  water  of 
the  same  temperature  boil,  might  be  taken  as  an  indication 
of  the  saltness  of  the  water  in  the  boiler,  and  it  would  not  be 
difficult  to  construct  upon  this  principle  a  self-registering  in- 
strument, which  would  not  only  indicate  but  record  from 
hour  to  hour  the  degree  of  saltness  of  the  water.  A  small 
vessel  of  distilled  water  being  immersed  in  the  water  of  the 
boiler  would  always  have  the  temperature  of  that  water,  and 
the  steam  produced  from  it  communicating  with  a  steam- 
gauge,  the  pressure  of  such  steam  would  be  indicated  by 
that  gauge,  while  the  pressure  of  the  steam  in  the  boiler 
under  which  pressure  the  salted  water  boils  might  be  in- 
dicated by  another  gauge.  The  difference  of  the  pressures 
indicated  by  the  two  gauges  would  thus  become  a  test  by 
which  the  saltness  of  the  water  in  the  boiler  would  be 
measured.  The  two  pressures  might  be  made  to  act  on  op- 
posite ends  of  the  same  column  of  mercury  contained  in  a 
siphon  tube,  and  the  difference  of  the  levels  of  the  two  sur- 
faces of  the  mercury  would  thus  become  a  measure  of  the 
saltness  of  the  water  in  the  boiler.  A  self-registering  instru- 
ment founded  on  this  principle  formed  part  of  the  self-regis- 
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tering  steam-log  which  I  proposed  to  introduce  into  steam- 
vessels  some  time  since. 

(163.)  Indicator  proposed  by  Messrs.  Seaward.— The 
Messrs.  Seaward  of  Limehouse  adopted,  in  some  of  their 
engines,  a  method  of  indicating  the  saltness  of  the  water,  and 
of  measuring  the  quantity  of  salted  water  or  brine  discharged, 
by  blowing  out.  A  glass-gauge,  similar  in  form  to  that 
already  described  in  land  engines  (118.),  is  provided  to  in- 
dicate the  position  of  the  surface  of  the  water  in  the  boiler. 
In  this  gauge  two  hydrometer  balls  are  provided,  the  weight 
of  which  in  proportion  to  their  magnitude  is  such  that  they 
would  both  sink  to  the  bottom  in  a  solution  of  salt  of  the 
same  strength  as  common  sea-water.  When  the  quantity  of 
salt  exceeds  ^  parts  of  the  whole  weight  of  the  water,  the 
lighter  of  the  two  balls  will  float  to  the  top  ;  and  when  the 
strength  is  further  increased  until  the  proportion  of  salt 
exceeds  /y  parts  of  the  whole,  then  the  heavier  ball  will  float 
to  the  top.  The  actual  quantity  of  salt  held  in  solution  by 
sea  water  in  its  ordinary  state  is  -^  part  of  its  whole  weight; 
and  when  by  evaporation  the  proportion  of  salt  in  solution 
has  become  /^  parts  of  the  whole,  then  a  deposition  of  salt 
commences.  With  an  indicator  such  as  that  above  described, 
the  ascent  of  the  lighter  hydrometer  ball  gives  notice  of  the 
necessity  for  blowing  out,  and  the  ascent  of  the  heavier  may 
be  considered  as  indicating  the  approach  of  an  injurious  state 
of  saltness  in  the  boiler. 

The  ordinary  method  of  blowing  out  the  salted  water  from 
a  boiler  is  by  a  pipe  having  a  cock  in  it  leading  from  the 
boiler  through  the  bottom  of  the  ship,  or  at  a  point  low  down 
at  its  side.  Whenever  the  engineer  considers  that  the  water 
in  the  boiler  has  become  so  salted  that  the  process  of  blowing 
out  should  commence,  he  opens  the  cock  communicating  by 
this  pipe  with  the  sea,  and  suffers  an  indefinite  and  uncertain 
quantity  of  water  to  escape.  In  this  way  he  discharges,  ac- 
cording to  the  magnitude  of  the  boiler,  from  two  to  six  tons 
of  water,  and  repeats  this  at  intervals  of  from  two  to  four 
hours,  as  he  may  consider  to  be  sufficient.  If,  by  observing 
this  process,  he  prevents  the  boiler  from  getting  incrusted 
during  the  voyage,  he  considers  his  duty  to  be  effectually 
discharged,  forgetting  that  he  may  have  blown  out  many 
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times  more  water  than  is  necessary  for  the  preservation  of 
the  boiler,  and  thereby  produced  a  corresponding  and  unne- 
cessary waste  of  fuel.  In  order  to  limit  the  quantity  of 
water  discharged,  Messrs.  Seaward  adopted  the  following 
method.     In  Jig.  85.  is  represented  a  transverse  section  of 


Fig.  85. 


a  part  of  a  steam  vessel ;  w  is  the  water-line  of  the  boiler, 
B  is  the  mouth  of  a  blow-off  pipe,  placed  near  the  bottom  of 
the  boiler.  This  pipe  rises  to  A,  and  turning  in  the  horizontal 
direction,  a  c,  is  conducted  to  a  tank  t,  which  contains 
exactly  a  ton  of  water.  This  pipe  communicates  with  the 
tank  by  a  cock  d,  governed  by  a  lever  H.  "When  this  lever 
is  moved  to  d',  the  cock  D  is  open,  and  when  it  is  moved  to 
K,  the  cock  D  is  closed.  From  the  same  tank  there  proceeds 
another  pipe  E,  which  issues  from  the  side  of  the  vessel  into 
the  sea,  governed  by  a  cock  f,  which  is  likewise  put  in  con- 
nection with  the  lever  H,  so  that  it  shall  be  opened  when  the 
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the  lever  h  is  drawn  to  the  position  f',  the  cock  d'  being 
closed  in  all  positions  of  the  lever  between  k  and  f'.  Thus, 
whenever  the  cock  f  communicating  with  the  sea  is  open,, 
the  cock  D  communicating  with  the  boiler  is  closed,  and  vice 
versa,  both  cocks  being  closed  when  the  lever  is  in  the  in- 
termediate position  K.  By  this  arrangement  the  boiler  can- 
not, by  any  neglect  in  blowing  off,  be  left  in  communication 
with  the  sea,  nor  can  more  than  a  ton  of  water  be  discharged 
except  by  the  immediate  act  of  the  engineer.  The  injurious 
consequences  are  thus  prevented  which  sometimes  ensue 
when  the  blow-off  cocks  are  left  open  by  any  neglect  on  the 
part  of  the  engineer.  When  it  is  necessary  to  blow  off,  the 
engineer  moves  the  lever  H  to  the  position  d'.  The  pressure 
of  the  steam  in  the  boiler  on  the  surface  of  the  water  w 
forces  the  salted  water  or  brine  up  the  pipe  B  a,  and  through 
the  open  cock  c  into  the  tank,  and  this  continues  until  the 
tank  is  filled :  when  that  takes  place,  the  lever  is  moved 
from  the  position  d'  to  the  position  f',  by  which  the  cock  D 
is  closed,  and  the  cock  f  opened.  The  water  in  the  tank 
flows  through  the  pipe  E  into  the  sea,  air  being  admitted 
through  the  valve  v,  placed  at  the  top  of  the  tank,  opening 
inwards.  A  second  ton  of  brine  is  discharged  by  moving 
the  lever  back  to  the  position  d',  and  subsequently  returning 
it  to  the  position  f'  ;  and  in  this  way  the  brine  is  discharged 
ton  by  ton,  until  the  supply  of  water  from  the  feed  which 
replaces  it  has  caused  both  the  balls  in  the  indicator  to  sink 
to  the  bottom. 

(164.)  Field's  brine  pumps.  —  A  different  method  of  pre- 
serving the  requisite  freshness  of  the  water  in  the  boiler  was 
adopted  by  Messrs.  Maudslay  and  Field.  Pumps  called 
brine  pumps  are  put  into  communication  with  the  lower  part 
of  the  boiler,  and  so  constructed  as  to  draw  the  brine  there- 
from, and  drive  it  into  the  sea.  These  brine  pumps  are 
worked  by  the  engine,  and  their  operation  is  constant.  The 
feed  pumps  are  likewise  worked  by  the  engine,  and  they  bear 
such  a  proportion  to  the  brine  pumps  that  the  quantity  of 
salt  discharged  in  a  given  time  in  the  brine  is  equal  to  the 
quantity  of  salt  introduced  in  solution  by  the  water  of  the 
feed  pumps.  By  this  means  the  same  actual  quantity  of 
salt  is  constantly  maintained  in  the  boiler,  and  consequently 
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the  strength  of  the  solution  remains  invariable.  If  the  brine 
discharged  by  the  brine  pumps  contains  -^-j  parts  of  salt, 
while  the  water  introduced  by  the  feed  pumps  contains  only 
3^5-  part,  then  it  is  evident  that  five  cubic  feet  of  the  feeding 
water  will  contain  no  more  salt  than  is  contained  in  one 
cubic  foot  of  brine.  Under  such  circumstances  the  brine 
pumps  would  be  so  constructed  as  to  discharge  ^  of  the  water 
introduced  by  the  feed  pumps,  so  that  *  of  all  the  water  in- 
troduced into  the  boiler  would  be  evaporated,  and  rendered 
available  for  working  the  engine. 

To  save  the  heat  of  the  brine,  a  method  has  been  adopted 
in  the  marine  engines  constructed  by  Messrs.  Maudslay  and 
Field  similar  to  one  which  has  been  long  practised  in  steam- 
boilers,  and  in  various  apparatus  for  the  warming  of  build- 
ings. The  current  of  heated  brine  is  conducted  from  the 
boiler  through  a  tube  which  is  contained  in  another,  through 
which  the  feed  is  introduced.  The  warm  current  of  brine, 
therefore,  as  it  passes  out,  imparts  a  considerable  portion  of 
its  heat  to  the  cold  feed  which  comes  in  ;  and  it  is  found 
that  by  this  expedient  the  brine  discharged  into  the  sea  may 
be  reduced  to  a  temperature  of  about  100°. 

This  expedient  is  so  eiFectual,  that  when  the  apparatus  is 
properly  constructed,  and  kept  in  a  state  of  efficiency,  it  may 
be  regarded  as  nearly  a  perfect  preventive  against  the  in- 
crustation, and  the  deposition  of  salt  in  the  boilers,  and  is  not 
attended  with  any  considerable  waste  of  fuel. 

(165.)  Precautions  necessary  in  the  use  of  brine  pumps. — 
It  is  maintained  by  many  practical  men,  that  the  economy 
of  heat  effected  by  brine  pumps,  such  as  have  been  just  de- 
scribed, is  more  than  counterbalanced  by  the  risk  which 
attends  them,  if  not  accompanied  by  proper  precautions. 
The  pipes  through  which  the  salted  water  is  discharged  are, 
it  is  said,  apt  to  get  choked,  in  which  case  the  pumps  will 
necessarily  cease  to  act,  though  they  appear  to  the  engineer 
to  do  so  ;  and  thus  the  water  in  the  boiler  may  become  salted 
to  any  extent  without  the  knowledge  of  the  engineer.  When 
the  process  of  bloioing  out  is  executed  in  the  ordinary  way, 
without  bi'ine  pumps,  the  engineer  looks  at  his  water  gauge 
and  keeps  the  blow-off  cock  open  until  the  water  level  has  fallen 
to  the  required  point.     Under  these  circumstances  there  is  » 


TUBULAR  CONDENSERS.  85^^ 

certainty  of  having  discharged  from  the  boiler  a  certain 
quantity  of  salted  water,  a  certainty  which  does  not  exist  in 
the  case  ot'  a  continuous  discharge  of  water  by  brine  pumps. 

Such  expedients,  therefore,  it  is  contended,  should  always 
be  accompanied  by  some  indicator,  which  shall  show  the 
degree  of  saltness  of  the  water  in  the  boiler,  such  as  we 
shall  presently  explain. 

(166.)  Methods  of  working  with  fresh  trater. —  Tubular 
condensers.  —  About  the  year  1776,  Mr.  Watt  invented  a 
tubular  condenser,  with  a  view  to  condense  the  steam  drawn 
off  from  the  cylinder  without  the  process  of  injection.  This 
apparatus  consisted  of  a  number  of  small  tubes  connecting 
the  top  and  bottom  of  the  condenser,  arranged  in  a  manner 
not  very  different  from  that  of  the  tubes  which  traverse  the 
boiler  of  a  locomotive  Engine.  These  tubes  were  continually 
Surrounded  by  cold  water,  and  the  steam,  as  it  escaped  from 
the  cylinder  passing  through  them,  was  condensed  by  their 
cold  surfaces,  and  collected  in  the  form  of  water  in  a  reser- 
voir below,  from  whence  it  was  drawn  off  by  a  pump  in  the 
same  manner  as  "in  engines  which  condensed  by  injection.  One 
of  the  advantages  proposed  by  this  expedient  was,  that  no 
atmospheric  air  v/ould  be  introduced  into  the  condenser,  as 
is  always  the  case  when  condensation  by  injection  is  practised. 
Cold  water,  which  is  injected,  has  always  combined  with  it 
more  or  less  common  air.  When  this  water  is  mixed  with 
the  condensed  steam,  the  elevation  of  its  temperature  dis- 
engages the  air  combined  with  it,  and  this  air  circulating  to 
the  cylinder,  vitiates  the  vacuum.  One  of  the  purposes  for 
which  the  air-pump  in  condensing  steam  engines  was  pro- 
vided, and  from  which  it  took  its  name,  was  to  draw  off  this 
air.  If,  however,  a  tubular  condenser  could  be  made  to  act 
with  the  necessary  efficiency,  no  injection  water  would  be 
introduced  for  condensation,  and  the  pump  would  have  no 
other  duty  except  to  remove  the  small  quantity  of  water 
produced  by  the  condensed  steam.  That  water  being  sub- 
sequently carried  back  to  the  boiler  by  the  feed  pumps,  a 
constant  system  of  circulation  would  be  maintained,  and  the 
boiler  would  never  require  any  fresh  supply  of  water,  except 
what  might  be  necessary  to  make  good  the  waste  by  leakage 
and  other  causes. 
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(167.)  HalVs  condenser.  —  This  contrivance  was  revived 
by  Mr.  Samuel  Hall,  of  Basford,  near  Nottingham,  with  a 
view  to  supersede  in  marine  engines  the  necessity  of  using 
sea  water  in  the  boilers.  Mr.  Hall  proposed  to  make  marine 
boilers  with  fresh  water  to  condense  the  steam  without  in- 
jection, by  a  tubulated  condenser,  and  to  provide  by  the 
distillation  of  sea  water  the  small  quantity  of  fresh  water 
which  would  be  necessary  to  make  good  the  waste.  These 
condensers  were  introduced  into  several  steam  vessels,  but 
their  use  has  not  been  continued.  Mr.  Watt  abandoned 
these  condensers  from  finding  that  the  condensation  of  the 
steam  was  not  sufficiently  sudden,  and  that  consequently,  at 
the  commencement  of  the  stroke,  the  piston  was  subject  to  a 
resistance  which  injuriously  diminished  the  amount  of  the 
moving  power,  whereas  condensation  by  jet  was  almost  instan- 
taneous, and  the  efficiency  of  the  piston  throughout  the  entire 
stroke  was  more  uniform. 

Mr.  "Watt  also  found  that  a  fur  collected  around  the 
tubes  of  the  condenser,  so  as  to  obstruct  the  free  passage  of 
heat  from  the  steam  to  the  water  of  the  cold  cistern ;  and 
that,  consequently,  the  efficiency  of  the  condenser  was 
gradually  impaired,  and  could  only  be  restored  by  frequent 
cleansing. 

A  tubular  condenser  of  the  form  proposed  by  Mr.  Hall  is 
represented  \'a.fig.  86.  ;  a  is  the  upper  part  of  the  condenser 
to  which  steam  is  admitted  from  the  slide  after  having  worked 
the  piston  ;  k  is  the  section  of  a  thin  plate,  forming  the  top 
of  the  condenser,  perforated  with  small  holes,  in  which  the 
tubes  are  inserted  so  as  to  be  steam-tight  and  water-tight. 
Water  is  admitted  to  flow  around  these  tubes  between  the  top 
k  and  the  bottom  d  of  the  condenser,  so  as  to  keep  them  con- 
stantly at  a  low  temperature.  The  steam  passes  from  a 
through  the  tubes  to  the  lower  chamberyof  the  condenser, 
where  it  is  reduced  to  water  by  the  cold  to  which  it  has  been 
exposed.  A  supply  of  cold  water  is  constantly  pumped 
through  the  condenser,  so  as  to  keep  the  tubes  at  a  low  tem- 
perature. The  air-pump  g  is  of  the  usual  construction, 
having  valves  in  the  piston  opening  upwards,  and  similar 
valves  in  the  cover  of  the  pump  also  opening  upwards.  The 
water  formed  by  the  condensed  steam  in  /"  is  drawn  through 
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the  foot  valve,  and  after  passing  through  the  piston  valves,  is 
discharged  by  the  up-stroke  of  the  piston  into  the  hot  well. 


Fii:.  86. 


Any  air,  or  other  permanent  gas,  which  may  be  admitted  by 
leakage  through  the  tubes  of  the  condenser,  or  by  any  other 
means,  is  likewise  drawn  out  by  this  pump,  and  when  drawn 
into  the  hot  well  is  carried  from  thence  to  the  feeding  appa- 
ratus of  the  boiler,  to  which  it  is  transferred  by  the  feed 
pump. 

A  provision  is  likewise  made  by  which  the  steam  escaping 
at  the  safety  valve  is  condensed  and  carried  away  to  the  feed- 
ing cistern. 

(168.)  Ericsson's  condenser. — Another  form  of  tubular 
condenser  has  more  recently  been  invented  and  constructed 
in  the  United  States  by  Captain  John  Ericsson.  This  appa- 
ratus consists  of  a  cylindrical  vessel  resembling  in  form  the 
boiler  of  a  locomotive,  which  is  traversed  from  end  to  end  by 


262  STEAM  NAVIGATION. 

a  great  number  of  small  tubes.  The  steam  is  conducted  from 
the  boiler  to  a  reservoir  or  hot  cistern  through  these  tubes. 
The  sea  water  is  driven  in  to  the  vessel  containing  the  tubes 
by  a  force  pump,  so  that  a  continual  current  of  this  water  is 
kept  flowing  through  the  vessel  and  round  the  tubes,  a  pipe 
of  escape  being  provided,  by  which,  after  passing  through,  it  is 
discharged  into  the  sea. 

(169.)  Copper  boilers.  —  One  of  the  remedies  proposed 
for  the  evil  consequences  arising  from  incrustation  is  the 
substitution  of  copper  for  iron  boilers.  The  attraction 
which  produces  the  adhesion  of  the  calcareous  matter  held 
in  solution  by  salt  water  to  the  surface  of  iron  has  no  ex- 
istence in  copper,  and  all  the  saline  and  other  alkaline 
matter  precipitated  in  the  boiling  water  in  copper  boilers  is 
suspended  in  a  loose  form,  and  carried  off  by  the  process 
of  blowing  out. 

Besides  the  injuiy  arising  from  the  deposition  of  salt  and 
the  incrustation  on  the  inner  surface  of  boilers,  an  evil  of  a 
formidable  kind  attends  the  accumulation  of  soot  mixed  with . 
salt  in  the  flues,  which  proceeds  from  the  leaks.  In  the 
seams  of  the  boiler  there  are  numerous  apertures,  of  dimen- 
sions so  small  as  to  be  incapable  of  being  rendered  stanch  by 
any  practicable  means,  through  which  the  water  within  the 
boiler  filters,  and  the  salt  which  it  carries  with  it  mixes  with 
the  soot,  forming  a  compound  which  rapidly  corrodes  the 
boilers.  Tiiis  process  of  corrosion  in  the  flues  takes  place  not 
less  in  copper  than  in  iron  boilers.  In  cleansing  the  flues  of 
a  copper  boiler,  the  salt  and  soot  which  was  thrown  out  upon 
the  iron  plates  which  formed  the  flooring  of  the  engine-room, 
having  remained  there  for  some  time,  left  behind  it  a  perma- 
nent appearance  of  copper  on  the  iron  flooring,  arising  from 
the  precipitation  of  the  copper  which  had  combined  with  the 
soot  and  salt  in  the  flues.  In  this  case  the  leaks  from  whence 
the  salt  proceeded  were  found,  on  careful  examination,  so  un- 
important, tliat  the  usual  means  to  stanch  them  could  not  be 
resorted  to  Avithout  the  risk  of  increasing  the  evil. 

(170.)  Efficiency  of  hloioing  out  renders  such  expedients  oj 
less  value.  —  In  practice,  however,  if  a  marine  boiler  be  re- 
gularly attended  to,  and  tlie  salted  water  be  discharged  either 
by  the  common   method   of  blowing-off  cocks  or  by  brine 
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j^amps,  or  any  other  expedient  which  shall  impose  the  neces- 
sary limit  on  the  degree  of  concentration  of  the  water  in  the 
boiler,  the  evil  arising  from  incrustation  will  be  quite  iucon- 
■eiderable. 

A  scale  will  in  all  cases  be  formed  on  the  inner  surface  of 
the  boilers,  whict  must  be  removed  from  time  to  time  when 
the  vessel  is  in  port.  The  best  method  of  effecting  this  is  by 
lighting  some  shavings,  or  other  light  and  flaming  combus- 
tible, in  the  furnaces  when  the  boilers  are  empty  and  the 
safety  valves  open.  The  expansion  of  the  metal  by  the  heat 
thus  produced  being  greater  than  that  of  the  matter  com- 
posing the  scale,  the  latter  will  be  detached  and  will  fall  in 
pieces  to  the  bottom  of  the  boiler,  from  which  it  can  be 
withdrawn  with  the  water  at  the  man-holes. 

In  some  cases,  however,  it  will  be  preferable  to  detach  the 
scale  by  the  hammer  or  chisel. 

(171.)  Corrosion  of  boilers. — It  is  a  great  error  to  suppose 
that  incrustation  is  either  the  sole  or  principal  cause  of  the 
rapid  destruction  of  marine  boilers.  If  it  were  so,  it  would  ne- 
cessarily happen  that  marine  boilers  in  which  expedients?  are 
adopted  by  which  fresh  water  is  used,  or  even  those  in  which 
the  process  of  blowing  out  has  been  regularly  observed,  and 
in  which  the  scale  is  detached  before  it  is  allowed  to  thicken 
to  an  injurious  extent,  would  last  as  long  or  nearly  as  long  as 
land  boilers.  It  is  found,  however,  that  the  boilers  in  which 
these  expedients  are  adopted  with  the  greatest  effect  and 
r^ularity  are,  nevertheless,  less  durable  in  a  very  large 
proportion  than  land  boilers.  Thus,  while  a  land  boiler  will 
last  for  twenty  years,  a  marine  boiler  similarly  constructed 
will,  even  with  the  greatest  care,  be  worn  out  in  four  or 
five  years. 

The  cause  of  this  rapid  destruction  of  the  boiler  is  corro- 
sion, but  how  this  corrosion  is  produced  is  a  question  which 
has  not  hitherto  been  satisfactorily  answered.  It  is  contended 
that  this  is  not  to  be  ascribed  to  any  chemical  action  of  the 
sea-water  on  the  iron,  inasmuch  as  the  flues  of  marine  boilers 
rarely  show  any  deterioration  from  this  cause,  and  even  in 
worn-out  marine  boilers  the  hammer  marks  on  the  flues  are 
as  conspicuous  as  when  they  are  fresh  from  the  boiler  maker. 
The  thin  film  of  scale  which  covers  the  interior  surface  would 
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rather  protect  the  iron  from  the  action  of  the  water.  In  fine, 
the  seat  of  the  corrosion  is  almost  never  those  parts  of  the 
boiler  which  are  in  contact  with  the  water.  It  is  that  part  of 
the  metal  which  includes  the  steam  space  that  exhibits  cor- 
rosion ;  but  even  there  the  effect  is  so  irregular  that  no  data 
can  be  obtained  by  which  the  cause  can  be  satisfactorily 
traced.  The  part  which  is  most  rapidly  corroded  in  one 
boiler  is  not  at  all  affected  in  another ;  and  in  some  cases  we 
find  one  side  of  the  steam  chest  attacked,  the  other  side  being 
untouched.  Sometimes  the  iron  exfoliates  in  flakes,  while 
in  others  it  appears  as  though  it  were  eaten  away  by  an 
acid. 

-  (172.)  Importance  of  economising  fuel.  —  In  the  applica- 
tion of  the  steam  engine  to  the  propulsion  of  vessels  in 
•voyages  of  great  extent,  the  economy  of  fuel  acquires  an  im- 
portance greater  than  that  which  appertains  to  it  in  land 
engines,  even  in  localities  the  most  removed  from  coal  mines, 
and  where  its  expense  is  greatest.  The  practical  limit  to 
steam  voyages  being  determined  by  the  greatest  quantity  of 
coals  which  a  steam  vessel  can  carry,  every  expedient  by 
which  the  efficiency  of  the  fuel  can  be  increased  becomes  a 
means,  not  merely  of  a  saving  of  expense,  but  of  an  increased 
extension  of  steam  power  to  navigation.  Much  attention  has 
been  bestowed  on  the  augmentation  of  the  duty  of  engines  in 
the  mining  districts  of  Cornwall,  where  the  question  of  their 
efficiency  is  merely  a  question  of  economy;  but  far  greater 
care  should  be  given  to  this  subject  when  the  practicability 
of  maintaining  intercourse  by  steam  between  distant  points  of 
the  globe  will  perhaps  depend  on  the  effect  produced  by  a 
given  quantity  of  fuel.  So  long  as  steam  navigation  was 
confined  to  river  and  channel  transport  and  to  coasting 
Toyages,  the  speed  of  the  vessel  was  a  paramount  consider- 
ation, at  whatever  expenditure  of  fuel  it  might  be  obtained  ; 
but  since  steam  navigation  has  been  extended  to  ocean 
voyages,  where  coals  must  be  transported  sufficient  to  keep 
•the  engine  in  operation  for  a  long  period  of  time  without  a 
fresh  relay,  greater  attention  has  been  bestowed  upon  the 
means  of  economising  it. 

Much  of  the  efficiency  of  fuel  must  depend  on  the  manage- 
ment of  the  fires,  and  therefore  on  the  skill  and  care  of  the 
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stokers.  Formerly  the  efficiency  of  firemen  was  determined 
by  the  abundant  production  of  steam,  and  so  long  as  the  steam 
was  evolved  in  superabundance,  however  it  might  have  blown 
off  to  waste,  the  duty  of  the  stoker  was  considered  as  well 
performed.  The  regulation  of  the  fires  according  to  the  de- 
mands of  the  engine  were  not  thought  of,  and  whether  much 
or  little  steam  was  wanted,  the  duty  of  the  stoker  was  to  urge 
the  fires  to  their  extreme  limit. 

Since  the  resistance  opposed  by  the  action  of  the  paddle 
wheels  of  a  steam  vessel  varies  with  the  state  of  the  weather, 
the  consumption  of  steam  in  the  cylinders  must  undergo  a 
corresponding  variation ;  and  if  the  production  of  steam  in 
the  boilers  be  not  proportioned  to  this,  the  engines  will  either 
work  with  less  efficiency  than  they  might  do  under  the  actual 
circumstances  of  the  weather,  or  more  steam  will  be  produced 
in  the  boilers  than  the  cylinders  can  consume,  and  the  surplus 
will  be  discharged  to  waste  through  the  safety  valves.  The 
stokers  of  a  marine  engine,  therefore,  to  perform  their  duty 
with  efficiency,  and  obtain  from  the  fuel  the  greatest  possible 
effect,  must  discharge  the  functions  of  a  self-regulating  fur- 
nace, such  as  has  been  already  described  :  they  must  regulate 
the  force  of  the  fires  by  the  amount  of  steam  which  the 
cylinders  are  capable  of  consuming,  and  they  must  take  care 
that  no  unconsumed  fuel  is  allowed  to  be  carried  away  from 
the  ash-pit. 

(173.)  Coating  boiler  with  non-conducting  substances. — 
Formerly  the  heat  radiated  from  every  part  of  the  surface  of 
the  boiler  was  allowed  to  go  to  waste,  and  to  produce  inju- 
rious effects  on  those  parts  of  the  vessel  to  which  it  was  trans- 
mitted. This  evil,  however,  has  been  removed  by  coating 
the  boilers,  steam  pipes,  &c.  of  steam  vessels  with  felt,  by 
which  the  escape  of  heat  from  the  surface  of  the  boiler  is 
very  nearly,  if  not  altogether,  prevented.  This  felt  is  attached 
to  the  boiler  surface  by  a  thick  covering  of  white  and  red 
lead.  This  expedient  was  first  applied  in  the  year  1818  to  a 
private  steam  vessel  of  'Me.  Watt's,  called  the  Caledonia  ;  and 
it  was  subsequently  adopted  in  another  vessel,  the  machinery 
of  which  was  constructed  at  Soho,  called  the  James  Watt. 

( 1 74.)  Management  of  thefurnaces. —  The  economy  of  fuel 
depends  in  a  considerable  degree  on  the  arrangement  of  the 
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furnaces,  and  the  method  of  feeding  them.  In  general,  each 
boiler  is  worked  by  two  or  more  furnaces  communicating 
with  the  same  system  of  flues.  While  the  furnace  is  fed,  the 
door  being  open,  a  stream  of  cold  air  rushes  in,  passing  over 
the  burning  fuel  and  lowering  the  temperature  of  the  flues  : 
this  is  an  evil  to  be  avoided.  But,  on  the  other  hand,  if  the 
furnaces  be  fed  at  distant  intervals,  then  each  furnace  will  be 
unduly  heaped  with  fuel,  a  great  quantity  of  smoke  will  be 
evolved,  and  the  combustion  of  the  fuel  will  be  proportionally 
imperfect.  The  process  of  coking  in  front  of  the  grate,  which 
vk^ould  insure  a  complete  combustion  of  the  fuel,  has  been 
already  described  (112.).  A  frequent  supply  of  coals,  how- 
ever, laid  carefully  on  the  front  part  of  the  grate,  and  gra- 
dually pushed  backwards  as  each  fresh  feed  is  introduced, 
would  require  the  fire  door  to  be  frequently  opened,  and  cold 
air  to  be  admitted.  It  would  also  require  greater  vigilance 
on  the  part  of  the  stokers  than  can  generally  be  obtained  in 
the  circumstances  in  which  they  work.  In  steam  vessels  the 
furnaces  are  therefore  fed  less  frequently,  fuel  is  introduced 
in  greater  quantities,  and  a  less  perfect  combustion  produced. 
When  several  furnaces  are  constructed  under  the  same 
boilei*,  communicating  with  the  same  system  of  flues,  the 
process  of  feeding,  and  consequently  opening  one  of  them, 
obstructs  the  due  operation  of  the  others,  for  the  current  of 
cold  air  which  is  thus  admitted  into  the  flues  checks  the  draft, 
and  diminishes  the  efficiency  of  the  furnaces  in  operation. 
It  was  formerly  the  practice  in  vessels  exceeding  one  hundred 
horse-power,  to  place  four  furnaces  under  each  boiler,  com- 
municating with  the  same  system  of  flues.  Such  an  arrange- 
ment was  found  to  be  attended  with  a  bad  draft  in  the  furnaces, 
and  therefore  to  require  a  greater  quantity  of  heating  surface 
to  produce  the  necessary  evaporation.  This  entailed  upon 
the  machinery  the  occupation  of  more  space  in  the  vessel  in 
proportion  to  its  power ;  it  has  therefore  been  more  recently 
the  practice  to  give  a  separate  system  of  flues  to  each  pair  of 
furnaces,  or,  at  most,  to  every  three  furnaces.  When  three 
furnaces  communicate  with  a  common  flue,  two  will  always 
be  in  operation,  while  the  third  is  being  cleared  out ;  but  if 
the  same  quantity  of  fire  were  divided  among  two  furnaces, 
then  the  clearing  out  of  one  would  throw  out  of  operation 
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half  the  entire  quantity  of  fire,  and  during  the  process  the 
evaporation  would  be  injuriously  diminished. 

It  is  found  by  experience,  that  the  side  plates  of  furnaces  are 
liable  to  more  rapid  destruction  than  their  roofs,  owing,  pro- 
bably, to  a  greater  liability  to  deposit.  Furnaces,  therefore, 
should  not  be  made  narrower  than  a  certain  limit.  Great  depth 
from  front  to  back  is  also  attended  with  practical  incon- 
venience, as  it  renders  firing  tools  of  considerable  length, 
and  a  corresponding  extent  of  stoking  room  necessary.  It  is 
recommended  by  those  who  have  had  much  practical  expe- 
rience in  steam  vessels,  that  furnaces  six  feet  in  depth  from 
front  to  back  should  not  be  less  than  three  feet  in  width  to 
afibrd  means  of  firing  with  as  little  injury  to  the  side  plates 
as  possible,  and  of  keeping  the  fires  in  the  condition  necessary 
for  the  production  of  the  greatest  effect.  The  tops  of  the 
furnaces  almost  never  decay,  and  seldom  are  subject  to  an 
alteration  of  figure,  unless  the  level  of  the  water  be  allowed 
to  fall  below  them. 

(175.)  Advantage  of  more  extended  application  of  ex- 
pansion.— The  method  by  which  the  greatest  quantity  of 
practical  effect  can  be  obtained  from  a  given  quantity  of  fuel 
must,  however,  mainly  depend  on  the  extended  application  of 
the  expansive  principle.  This  has  been  the  means  by  which 
an  extraordinary  amount  of  duty  has  been  obtained  from  the 
Cornish  engines.  The  diflSculty  of  the  application  of  this  prin- 
ciple in  marine  engines  has  arisen  from  the  objections  enter- 
tained in  Europe  to  the  use  of  steam  of  high-pressure  under 
the  circumstances  in  which  the  engine  must  be  worked  at  sea. 
To  apply  the  expansive  principle,  it  is  necessary  that  the  mov- 
ing power  at  the  commencement  of  the  stroke  shall  consider- 
ably exceed  the  resistance,  its  force  being  gradually  attenu- 
ated till  the  completion  of  the  stroke,  when  it  will  at  lenoth 
become  less  than  the  resistance.  This  condition  may,  how- 
ever, be  attained  with  steam  of  limited  pressure,  if  the  en<nne 
be  constructed  with  a  sufficient  quantity  of  piston  surface. 

(176.)  Maudslay  and  Field's  Siamese  engine. — This  method 
of  rendering  the  expansive  principle  available  at  sea,  and  com- 
patible with  low-pressure  steam,  was  projected  and  executed 
by  Messrs.  Maudslay  and  Field.  Their  improvement  con- 
sists in  adapting  two  steam  cylinders  in  one  engine,  in  such  a 
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manner  that  the  steam  shall  act  simultaneously  on  both  pistons, 
causing  them  to  ascend  and  descend  together.  The  piston 
rods  are  both  attached  to  the  same  horizontal  cross-head, 
whereby  their  combined  action  is  applied  to  one  crank  by 
means  of  a  connecting  rod  placed  between  the  pistons. 

A  section  of  such  an  engine  (which  has  been  called  the 
Siamese  engine),  made  by  a  plane  passing  through  the  two 

Fig.  87. 


piston  rods  p  p'  and  cylinders,  is  represented  ixxfig.  87.  The 
piston  rods  are  attached  to  a  cross-head  c,  which  ascends 
and  descends  with  them.  This  cross-head  drives  upwards 
and  downwards  an  axle  D,  to  which  the  lower  end  of  the 
connecting  rod  e  is  attached.  The  other  end  of  the  con- 
necting rod  drives  the  crank  pin  v,  and  imparts  revolution 
to  the  paddle  shaft  G.  A  rod  h  conveys  motion  by  means 
of  a  beam  i  to  the  rod  k  of  the  air-pump  e. 

Engines  constructed  on  this  principle  have  been  applied  in 
several  steamers,  and  amongst  others  in  Her  Majesty's  steam 
frigate  "  Retribution." 
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It  b  objected  by  some  authorities  that,  in  this  system,  there 
is  a  greater  liability  to  leakage  and  increased  friction. 

If  either  piston  should  leak,  or  either  stuflBng-box  leak  air, 
a  twist  must  be  given  to  all  parts  of  the  engine,  arising  from 
the  unequal  effective  action  of  the  two  pistons. 

It  is  also  objected  that  the  plan  involves  the  necessity  of  a 
low  condenser,  which  the  air-pump  cannot  thoroughly  drain 
out ;  and  the  pitching  of  the  vessel,  by  causing  the  water  to 
run  from  one  end  of  the  condenser  to  the  other,  will  occasion- 
ally render  the  working  of  the  air-pump  ineffectual,  while  at 
other  times  it  is  choked  with  water,  which  it  can  only  with 
difficulty  deliver,  and  that  fractures  are  liable  to  occur  in 
consequence.* 

(177.)  Maudslay  and  Fields  improved  framing.  —  Con- 
nected with  this,  and  in  the  same  patent,  another  improve- 
ment was  included,  consisting  of  the  application  of  a  hollow 
wrought-iron  framing  carried  across  the  vessel  above  the 
machinery,  to  support  the  whole  of  the  bearings  of  the  crank 
shaft.  A  plan  of  this,  including  the  cylinders  and  paddle 
wheel,  is  represented  in^^.  88,  The  advantages  proposed 
by  these  improvements  are  simplicity  of  construction,  more 
direct  action  on  the  crank,  economy  of  space  and  weight  of 
material,  combined  with  increased  area  of  the  piston,  whereby 
a  given  evaporating  power  of  the  boiler  is  rendered  produc- 
tive, by  extended  application  of  the  expansive  principle,  of  a 
greater  moving  power  than  in  former  arrangements.  Con- 
sequently, under  like  circumstances,  greater  power  and  eco- 
nomy of  fuel  is  obtained,  with  the  further  advantage  at  sea, 
that  when  the  engine  is  reduced  in  its  speed,  either  by  the 
vessel  being  deeply  laden  with  coal,  as  is  the  case  at  the 
conmiencement  of  a  long  sea  voyage,  or  by  head  winds, 
more  steam  may  be  given  to  the  cylinders,  and  consequently 
more  speed  imparted  to  the  vessel,  all  the  steam  produced  in 
the  boiler  being  usefully  employed. 

(178.)  Their  dauble  piston-rod.  —  Another  improvement, 
having  the  same  objects,  and  analogous  to  the  preceding, 
has  been  likewise  patented  by  Messrs.  Maudslay  and  Field. 
This  consists  in    the    adoption   of  a   cylinder   of  greater 

*  Steam  Engine,  Artisan  Club,  p.  180. 
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diameter,  having  two  piston  rods  p  p',  as  represented  in 
Jig.  89.,  of  considerable  length,  connected  at  the  top  by  a 
cross-head  c  From  this  cross-head  is  carried  downwards 
the  connecting  rod  d,  which  drives  the  crank  pin  E,  and 
thereby  works  the  paddle  shal't  s.     In  this  case  the  paddle 


shaft  is  extended  immediately  above  the  piston,  and  the 
double  piston  rod  has  sufficient  length  to  be  above  the  paddle 
shaft  when  the  piston  is  at  the  bottom  of  its  stroke.  This 
improvement  is  intended  to  be  applied  more  particularly 
for  engines  for  river  navigation,  the  advantages  resulting 
from  it  being  that  a  paddle  shaft  placed  at  a  given  height 
from  the  bottom  of  the  vessel  will  be  enabled  to  receive  a 
longer  stroke  of  piston  than  by  any  other  arrangement  now 
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in  use.  A  more  compact  and  firm  connection  of  the  cylinder 
with  the  crank  shaft  bearings  is  eiFected  by  it,  and  a  cylinder 
of  much  greater  diameter  may  be  applied,  by  which  the  ex- 
pansive action  of  steam  may  be  more  fully  brought  into  play ; 
and  a  more  direct  action  of  the  steam  power  on  the  crank 
with  a  less  weight  of  materials  and  a  greater  economy  of 


Fig.  90. 


Space  may  be  obtained  than  by  any  of  the  arrangements  of 
marine  engines  hitherto  used. 
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(179.)  Mr.  F.  Humphrys'  engine. — Mr.  Francis  Humphrys 
has  obtained  a  patent  for  a  form  of  marine  engine,  by  which  some 
simplification  of  the  machinery  is  attained,  and  the  same  power 
comprised  within  more  limited  dimensions.  In  this  engine  there 
is  attached  to  the  piston  of  the  cylinder,  instead  of  a  piston  rod, 
a  hollow  casing  d  d  {Jig.  90.),  which  moves  through  a  stuffing 
box  G,  constructed  in  a  manner  similar  to  the  stuffing  box  of  a 
piston  rod.  In  the  figure,  this  casing  is  presented  in  section, 
but  its  form  is  that  of  a  long  narrow  slit,  or  opening,  rounded  at 
either  end,  as  exhibited  in  the  plan  {Jig.  91.)  of  the  cylinder 
cover.  The  crank  c  is  driven  by  the  other  end  of  the'  con- 
Fig.  91.  necting  rod  h,  the  crank  shaft  being  imme- 

diately above  the  centre  of  the  piston,  and 
the  connecting  rod  passing  through  the  ob- 
long opening  d,  and  descending  into  the 
hollow  piston  rod,  is  attached  to  an  axis  i  at 
the  bottom  of,  the  piston.  A  box  or  cover 
K  K  encloses  the  cross-piece  or  axis  i  with 
its  bearings,  and  is  attached  so  as  to  be  steam-tight  to  the 
bottom  of  the  piston.  A  hollow  space  l  l  is  cast  in  the 
bottom  of  the  cylinder  for  the  reception  of  the  box  k  k,  when 
the  piston  is  at  the  bottom  of  the  cylinder. 

By  this  arrangement  the  force  by  which  the  piston  is 
driven  in  its  ascent  and  descent  is  communicated  to  the  con- 
necting rod,  not,  as  usual,  through  the  intervention  of  a 
piston  rod,  but  directly  from  the  piston  itself  by  the  cross- 
pin  I,  and  from  thence  to  the  crank  c,  which  it  drives  with- 
out the  intervention  of  beams,  cross-heads,  or  any  similar 
appendage. 

The  slide  valves  regulating  the  admission  and  eduction  of 
steam  are  represented  at  a  ;  the  rod  of  the  air-pump  is  shown 
at  <f,  being  worked  by  a  crank  placed  on  the  centre  of  the 
great  crank  shaft. 

(180.)  Engines  ichich  act  by  connecting  rods  without  beams. 
—  To  simplify  the  machinery  of  the  mai-ine  engine,  and,  at 
the  same  time,  to  diminish  its  bulk,  and  thus  augment  the 
profitable  tonnage  of  the  vessel,  the  form  of  beam  engine 
described  in  (153.)  has  been,  to  a  considerable  extent,  super- 
seded by  various  other  models  of  marine  engines,  in  which  the 
piston  acts  directly  on  the  paddle  shaft,  without  the  inter- 
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vention  of  any  machinery  except  the  connecting  rod.  The 
Siamese  engines  of  Maudslay  and  Field  and  the  engine  of 
Humphrys  are  examples  of  this. 

The  piston  rod  is,  in  such  engines,  maintained  in  its  direc- 
tion by  guides,  and  its  force  is  transmitted  to  the  crank,  di- 
rectly by  the  connecting  rod.  There  are,  usually,  two  cranks, 
placed  at  right  angles,  as  already  described  in  the  case  of  the 
ordinary  beam  engine,  which  are  driven  by  the  connecting 
rods  of  the  two  cylinders. 

(181.)  Engines  which  act  by  connecting  rods  on  the  same 
crank. — In  some  cases,  however,  the  two  connecting  rods 
act  upon  the  same  crank,  the  cylinders  being  placed  with 
their  axes  at  right  angles,  so  that  when  the  connecting  rod  of 
one  is  at  the  dead  point,  that  of  the  other  is  at  right  angles 
with  the  crank. 

(182.)  Engines  which  act  on  a  single  crank  without 
either  beam  or  connectiiig  rods.  —  Rocking  engines. — A  still 
greater  simplification  is  effected  in  some  smaller  steamers, 
more  especially  in  river  boats,  in  which  the  connecting  rods, 
themselves  are  dispensed  with,  and  the  ends  of  the  piston 
rods  are  directly  jointed  to  the  crank.  In  these  cases  the 
cylinders  are  supported  on  an  axis  at  right  angles  to  their 
length,  on  which  they  are  capable  of  moving  with  a  vibratory 
or  rocking  motion.  By  this  motion  the  piston  rods  are 
enabled  to  follow  the  revolution  of  the  crank,  and  at  the  same 
time  the  valves  are  worked.  The  two  pistons  usually  act 
upon  the  same  crank,  being  suspended  with  their  axes  at  right 
angles  to  each  other,  and  at  45°  with  the  vertical  line. 


CHAPTER  II. 

PROPELLERS. 

(183.)  Common  paddle  wheel.  —  To  obtain  from  the 
moving  power  its  full  amount  of  mechanical  effect  in  pro- 
pelling the  vessel,  it  would  be  necessary  that  it  should 
constantly  act  against  the  water  in  a  horizontal  direction, 
and  with  a  motion  contrary  to  the  course  of  the  vessel. 
No  system  of  propellers  has,  however,  yet  been  contrived 
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capable  of  perfectly  accomplishing  this.  Patents  have  been 
granted  for  many  ingenious  mechanical  combinations  to 
impart  to  the  propelling  surfaces  such  angles  as  appeared  to 
the  respective  contrivers  most  advantageous.  In  most  of 
these  the  mechanical  complexity  has  formed  a  fatal  objection. 
No  part  of  the  machinery  of  a  steam  vessel  is  so  liable  to  be- 
come deranged  at  sea  as  the  propellers ;  and,  therefore,  that 
simplicity  of  construction  which  is  compatible  with  those 
repairs  which  are  possible  on  such  emergencies  is  quite 
essential  for  safe  practical  use. 

The  ordinary  paddle  wheel,  as  has  been  already  stated,  is 
a  wheel  revolving  upon  a  shaft  driven  by  the  engine,  and 
carrying  upon  its  circumference  a  number  of  flat  tx^rds^ 
called  paddle  boards,  which  are  secured  by  nuts  and  braces 
in  a  fixed  position  ;  and  that  position  is  such  that  the  planes 
of  the  paddle  boards  diverge  from  the  centre  of  the  shaft  on 
which  the  wheel  turns.  The  consequence  of  this  arrange- 
ment is  that  each  paddle  board  can  only  act  in  that  direction 
which  is  most  advantageous  for  the  propulsion  of  the  vessel 


Fig.  92. 


when  it  arrives  at  the  lowest  point  of  the  wheel.  In  Jig.  92. 
let  o  be  the  shaft  on  which  the  common  paddle  wheel  revolves; 
the  position  of  the  paddle  boards  are  represented  at  a,  b,  c, 
&c. ;  X  Y  represents  the  water  line,  the  course  of  the  vessel 
being  supposed  to  be  from  x  to  y  ;  the  arrows  represent  the 
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direction  in  which  the  paddle  wheel  revolves.     The  wheel  is 
immersed  to  the  depth  of  the  lowest  paddle  board,  since  a  less 
degree  of  immersion  would  render  a  portion  of  the  surface  of 
each  paddle  board  mechanically  useless.     In  the  position  A, 
the  whole  force  of  the  paddle  board  is  efficient  for  propelling 
the  vessel ;  but  as  the  paddle  enters  the  water  in  the  position 
H,  its  action  upon  the  water  not  being  horizontal,  is  only 
partially  effective  for  propulsion  :  a  part  of  the  force  which 
drives  the  paddle  is  expended  in  depressing  the  water,  and 
the   remainder  in  driving  it  contrary  to  the  course  of  the 
vessel,  and,  therefore,  by  its  re-action  producing  a  certain 
propelling  effect.      The  tendency,  however,  of  the  paddle 
entering  the  water  at  h  is  to  form  a  hollow  or  trough,  which 
the  water,  by  its  ordinary  property,  has  a  continual  tendency 
to  fill  up.     After  passing  the  lowest  point  A,  as  the  paddle 
approaches  the  position  b,  where  it  emerges  from  the  water, 
its  action  again  becomes  oblique,  a  part  only  having  a  pro- 
pelling effect,  and  the  remainder  having  a  tendency  to  raise 
the  water,  and  throw  up  a  wave  and  spray  behind  the  paddle  . 
wheel.     It  is  evident  that  the  more  deeply  the  paddle  wheel 
becomes  immersed,  the  greater  will  be  the  proportion  of  the 
propelling  power  thus  wasted  in   elevating   and  depressing 
the  water  ;  and  if  the  wheel  were  immersed  to  its  axis,  the 
whole  force  of  the  paddle  boards,  on  entering  and  leaving  the 
water,  would  be  lost,  no  part  of  it  having  a  tendency  to  pro- 
pel.   If  a  still  deeper  immersion  take  place,  the  paddle  boards 
above  the  axis  would  have  a  tendency  to  retard  the  course  of 
the  vessel.    When  the  vessel  is,  therefore,  in  proper  trim,  the 
immersion  should  not  exceed  nor  fall  short  of  the  depth  of 
the  lowest  paddle ;  but  for  various  reasons  it  is  impossible  in 
practice  to  maintain  this  fixed  immersion  :  the  agitation  of  the 
surface  of  the  sea  causing  the  vessel  to  roll,  will  necessarily 
produce  a  great  variation  in  the  immersion  of  the  paddle 
wheels,  one  becoming  frequently  immersed  to  its  axle,  while 
the  other  is  raised  altogether  out  of  the  water.     Also  the 
draught  of  water  of  the  vessel  is  liable  to  change,  by  the 
variation   in    the    cargo ;    this  will   necessarily  happen   in 
steamers  which  take  long  voyages.     At  starting  they  are 
heavily  laden  with  fuel,  which  as  they  proceed  is  gradually 
consumed,  whereby  the  vessel  is  lightened. 
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(184.)  Feathering  paddles. —  To  remove  this  defect,  and 
economise  as  much  as  possible  the  propelling  effect  of  the 
paddle  boards,  it  would  be  necessary  so  to  construct  them 
that  they  may  enter  and  leave  the  water  edgeways,  or  aa 
nearly  so  as  possible;  such  an  arrangement  would  be,  in 
effect,  equivalent  to  the  process  called  feathering,  as  applied 
to  oars.  Any  mechanism  which  would  perfectly  accomplish 
this  would  cause  the  paddles  to  work  in  almost  perfect  silence, 
and  would  very  nearly  remove  the  inconvenient  and  injurious 
vibration  which  is  produced  by  the  action  of  the  common 
paddles.  But  the  construction  of  feathering  paddles  is  at- 
tended with  great  difficulty,  under  the  peculiar  circumstances 
in  which  such  wheels  work.  Any  mechanism  so  complex 
that  it  could  not  be  easily  repaired  when  deranged,  with 
such  engineering  implements  and  skill  as  can  be  obtained  at 
sea,  would  be  attended  with  great  objections. 

Feathering  paddle  boards  must  necessarily  have  a  motion 
independently  of  the  motion  of  the  wheel,  since  any  fixed 
position  which  could  be  given  to  them,  though  it  might  be 
most  favourable  to  their  action  in  one  position  would  not  be 
so  in  their  whole  course  through  the  water.  Thus  the  paddle 
board  when  at  the  lowest  point  should  be  in  a  vertical  posi- 
tion, or  so  placed  that  its  plane,  if  continued  upwards,  would 
pass  through  the  axis  of  the  wheel.  In  other  positions,  how- 
ever, as  it  passes  through  the  water,  it  should  present  its 
upper  edge,  not  towards  the  axle  of  the  wheel,  but  towards  a 
point  above  the  highest  point  of  the  wheel.  The  precise 
point  to  which  the  edge  of  the  paddle  board  should  be  di- 
rected is  capable  of  mathematical  determination.  But  it 
will  vary  according  to  circumstances,  which  depend  on  the 
motion  of  the  vessel.  The  progressive  motion  of  the  vessel, 
independently  of  the  wind  or  current,  must  obviously  be 
slower  than  the  motion  of  the  paddle  boards  round  the  axle 
of  the  wheel ;  since  it  is  by  the  difference  of  these  velocities 
that  the  re-action  of  the  water  is  produced  by  which  the 
vessel  is  propelled.  The  proportion,  however,  between  the 
progressive  speed  of  the  vessel  and  the  rotative  speed  of  the 
paddle  boards  is  not  fixed ;  it  will  vary  with  the  shape  and 
structure  of  the  vessel,  and  with  its  depth  of  immersion ; 
nevertheless  it  is  upon  this  proportion  that  the  manner  in 


278  STEAM  NAVIGATION. 

whicli  tlie  paddle  boards  should  shift  their  position  must  be 
determined.  If  the  progressive  speed  of  the  vessel  were 
nearly  equal  to  the  rotative  speed  of  the  paddle  boards,  the 
latter  should  so  shift  their  position  that  their  upper  edges 
should  be  presented  to  a  point  very  little  above  the  highest 
point  of  the  wheel.  This  is  a  state  of  things  which  could 
only  take  place  in  the  case  of  a  steamer  of  a  small  draught  of 
water,  shallop-shaped,  and  so  constructed  as  to  suffer  little 
resistance  from  the  fluid.  On  the  other  hand,  the  greater 
the  depth  of  immersion,  and  the  less  fine  the  lines  of  the 
vessel,  the  greater  will  be  the  resistance  in  passing  through 
the  water,  and  the  greater  will  be  the  proportion  which  the 
rotative  speed  of  the  paddle  boards  will  bear  to  the  progres- 
sive speed  of  the  vessel.  In  this  latter  case  the  independent 
motion  of  the  paddle  boards  should  be  such  that  their  edges, 
while  in  the  water,  shall  be  presented  towards  a  point  consi- 
derably above  the  highest  point  of  the  paddle  wheel. 

A  vast  number  of  ingenious  mechanical  contrivances  have 
been  invented  and  patented  for  accomplishing  the  objects  just , 
explained.  Some  of  these  have  failed  from  the  circumstance 
of  their  inventors  not  clearly  understanding  what  precise 
motion  it  was  necessary  to  impart  to  the  paddle  boards; 
others  have  failed  from  the  complexity  of  the  mechanism  by 
which  the  desired  effect  was  produced. 

(185.)  Morgan! s  paddle  wheel. — In  the  year  1829,  a  patent 
was  granted  to  Elijah  Galloway  for  a  paddle  wheel  with 
moveable  paddles,  which  patent  was  purchased  by  Mr. 
William  Morgan,  who  made  various  alterations  in  the  me- 
chanism, not  very  materially  departing  from  the  principle  of 
the  invention. 

This  paddle  wheel  is  represented  in  Jig.  93.  The  contriv- 
ance may  be  shortly  stated  to  consist  in  causing  the  wheel 
which  bears  the  paddles  to  revolve  on  one  centre,  and  the 
radial  arms  which  move  the  paddles  to  revolve  on  another 
centre.  Let  abcdefghikl  be  the  polygonal  circum- 
ference of  the  paddle  wheel,  formed  of  straight  bars,  securely 
connected  together  at  the  extremities  of  the  spokes  or  radii 
of  the  wheel  which  turns  on  the  shaft  which  is  worked  by  the 
engine;  the  centre  of  this  wheel  being  at  o.  So  far  this 
wheel  is  similar  to  the  common  paddle  wheel ;  but  the  paddle 
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boards  are  not,  as  in  the  common  wheel,  fixed  at  a  b  c,  &c., 
so  as  to  be  always  directed  to  the  centre  o,  but  are  so  placed 
that  they  are  capable  of  turning  on  axles  which  are  always 
horizontal,  so  that  they  can  take  any  angle  with  respect  to 
the  water  which  may  be  given  to  them.  From  the  centres, 
or  the  line  joining  the  pivots  on  which  these  paddle  boards 
turn,  there  proceed  short  arms  k,  firmly  fixed  to  the  paddle 
boards  at  an  angle  of  about  120°.    On  a  motion  given  to  this 


arm  k,  it  will  therefore  give  a  corresponding  angular  motion 
to  the  paddle  board,  so  as  to  make  it  turn  on  its  pivots.  At 
the  extremities  of  the  several  arms  marked  k  is  a  pin  or  pivot, 
to  which  the  extremities  of  the  radial  arms  l  are  severally 
attached,  so  that  the  angle  between  each  radial  arm  l  and  the 
short  paddle  arm  k  is  capable  of  being  changed  by  any  mo- 
tion imparted  to  l  ;  the  radial  arms  are  connected  at  the  other 
end  with  a  centre,  round  which  they  are  capable  of  revolving. 
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Now,  since  the  points  A  B  c,  &c.,  which  are  the  pivots  on 
which  the  paddle  boards  turn,  are  moved  in  the  circum- 
ference of  a  circle,  of  which  the  centre  is  o,  they  are  always 
at  the  same  distance  from  that  point ;  consequently  they  will 
continually  vary  their  distance  from  the  other  centre  p. 
Thus,  when  a  paddle  board  arrives  at  that  point  of  its  revo- 
lution at  which  the  centre  round  which  it  revolves  lies  pre- 
cisely between  it  and  the  centre  o,  its  distance  from  the 
former  centre  is  less  than  in  any  other  position.  As  it  departs 
from  that  point,  its  distance  from  that  centre  gradually  in- 
creases until  it  arrives  at  the  opposite  point  of  its  revolution, 
where  the  centre  o  is  exactly  between  it  and  the  former 
centre ;  then  the  distance  of  the  paddle  board  from  the  former 
centre  is  greatest.  This  constant  change  of  distance  between 
each  paddle  board  and  the  centre  p  is  accommodated  by  the 
variation  of  the  angle  between  the  radial  arm  l  and  the  short 
paddle  board  arm  k  :  as  the  paddle  board  approaches  the 
centre  p,  this  gradually  diminishes  ;  and  as  the  distance  of  the 
paddle  board  increases,  the  angle  is  likewise  augmented. . 
This  change  in  the  magnitude  of  the  angle,  which  thus  ac- 
commodates the  varying  position  of  the  paddle  board  with 
respect  to  the  centre  p,  will  be  observed  in  the  figure.  The 
paddle  board  d  is  nearest  to  p  ;  and  it  will  be  observed  that 
the  angle  contained  between  l  and  k  is  there  very  acute ;  at  e 
the  angle  between  l  and  K  increases,  but  is  still  acute ;  at  G  it 
increases  to  a  right  angle  ;  at  h  it  becomes  obtuse ;  and  at  k, 
where  it  is  most  distant  from  the  centre  p,  it  becomes  most 
obtuse.  It  again  diminishes  at  k,  and  becomes  a  right  angle 
between  a  and  b.  Now  this  continual  shifting  of  the  direction 
of  the  short  arm  k  is  necessarily  accompanied  by  an  equivalent 
change  of  position  in  the  paddle  board  to  which  it  is  attached ; 
and  the  position  of  the  second  centre  p  is,  or  may  be,  so 
adjusted  that  this  paddle  board,  as  it  enters  the  water  and 
emerges  from  it,  shall  be  such  as  shall  be  most  advantageous 
for  propelling  the  vessel,  and  therefoi-e  attended  with  less  of 
that  vibration  which  arises  chiefly  from  the  alternate  de- 
pression and  elevation  of  the  water,  owing  to  the  oblique 
action  of  the  paddle  boards. 

(186.)  Field's  split  paddles. — In  the  year  1833,  Mr.  Field, 
of  the  firm  of  Maudslay  and  Field,  constructed  a  paddle 
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wheel  with  fixed  paddle  boards,  but  each  board  being  divided 
into  several  narrow  slips  arranged  one  a  little  behind  the 
lother,  as  represented  in  Jig.  94.  These  divided  boards  he 
proposed  to  arrange  in  such  cycloidal  curves  that  they  must 
ill  enter  the  water  at  the  same  place  in  immediate  succession, 
(avoiding  the  shock  produced  by  the  entrance  of  the  common 
[board.  These  split  paddle  boards  are  as  efficient  in  propelling 
when  at  the  lowest  point  as  the  common  paddle  boards,  and, 
when  they  emerge,  the  water  escapes  simultaneously  from 
each  narrow  board,  and  is  not  thrown  up,  as  is  the  ease  with 
common  paddle  boards. 


The  number  of  bars,  or  separate  parts  into  which  each 
[Middle  board  is  divided,  has  been  very  various.  When  first 
ntroduced,  each  board  was  divided  into  six  or  seven  parts : 
this  was  subsequently  reduced ;  and  in  the  wheels  of  this  form 
constructed  for  the  government  vessels,  the  paddle  boards 
consist  only  of  two  parts,  coming  as  near  to  the  common 
irheel  as  is  possible,  without  altogether  abandoning  the 
arinciple  of  the  split  paddle. 
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(187.)  American  paddle  wheel. — The  paddle  wheels  gene- 
rally used  in  American  steam-boats  are  formed,  as  if  by  the 
combination  of  two  or  more  common  paddle  wheels,  placed  one 
outside  the  other,  on  the  same  axle,  but  so  that  the  paddle 

boards  of  each  may 
have  an  intermediate 
position  between  those 
of  the  adjacent  one,  as 
represented  in  Jig.  95. 

The  spokes,  which 
are  bolted  to  cast-iron 
flanges,  are  of  wood. 
These  flanges,  to  which 
they  are  so  bolted,  are 
keyed  upon  the  paddle 
shaft.  The  outer  ex- 
tremities of  the  spokes 
are  attached  to  circular 
bands  or  hoops  of  iron, 
surrounding  the  wheel ; 
and  the  paddle  boards, 
which  are  formed  of 
hard  wood,  are  bolted  to  the  spokes.  The  wheels,  thus  con- 
structed, sometimes  consist  of  three,  and  not  unfrequently 
four,  independent  circles  of  paddle  boards,  placed  one  beside 
the  other,  and  so  adjusted  in  their  position,  that  the  boards 
of  no  two  divisions  shall  correspond. 

The  great  magnitude  of  the  paddle  wheels,  and  the  circum- 
stance of  the  navigation  being  carried  on,  for  the  most  part, 
in  smooth  water,  have  rendered  unnecessary,  in  America,  the 
adoption  of  any  of  those  expedients  for  neutralising  the 
effects  of  the  oblique  action  of  the  paddles,  which  have  been 
tried,  but  hitherto  with  so  little  success,  in  Europe.* 

(188.)  Ericssons  propeller.  —  A  great  variety  of  forms 
of  submerged  propellers  have  been  projected,  both  in  this 
country  and  in  the  United  States,  but  none  have  survived  a 
short  practical  trial  except  that  invented  by  Capt.  Ericsson 
and  the  screw  propeller. 

*  For  a  notice  of  the  inland  steam  navigation  of  the  United  States, 
sec  Railway  Economy,  chap.  xvi. 
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^  Ericsson's  propeller  consists  of  a  single  wheel  applied  at 
the  stem  of  a  vessel,  having  its  axis  horizontal  and  parallel 
to  the  keel,  so  that  the  face  of  the  wheel  is  presented  stem- 
wards,  and  its  plane  is  vertical  when  the  ship  floats  in  calm 
water.  A  hoop  of  metal  is  connected  by  twisted  arms  with 
the  axis  of  the  wheel,  and  turns  with  it.  To  the  external 
surface  of  this  hoop  a  number  of  spiral  blades  are  attached, 
the  effect  of  which  is,  that  when  the  wheel  revolves  the  water 
is  driven  backwards,  and  the  consequent  re-action  propels 
the  vessel. 

The  twisted  arms  by  which  the  hoop  is  attached  to  the 
axle  are  so  shaped  as  to  offer  the  smallest  resistance  to  the 
water  as  they  revolve.  The  spiral  plates  attached  to  the  ex- 
ternal surface  of  the  hoop  act  upon  the  water  in  such  a 
manner  as  to  drive  it  stemwards  on  a  principle  nearly  similar 
to  that  by  which  the  sails  of  a  windmill  are  affected  by  the 
wind,  only  that  in  the  latter  case  air  is  the  agent  and  the  sails 
the  object  acted  upon,  whereas,  in  this  case,  the  propeller  is 
the  agent,  and  the  fluid  the  object  acted  upon.  Suppose  the 
atmosphere  quiescent,  and  the  arms  of  the  windmill  made  to 
revolve  by  a  steam  engine  within  the  building,  a  current  of 
air  would  then  be  produced  by  the  action  of  the  sails  contrary 
in  direction  to  that  current  which  would  have  imparted  to 
these  sails  the  motion  which  they  are  here  supposed  to  receive 
from  some  internal  power.  Imagine,  then,  the  fluid  thus 
Hcted  on  to  be  water  instead  of  air,  and  the  revolving  sails  to 
be  augmented  in  number,  diminished  in  breadth,  and  increased 
in  speed,  and  we  have  an  apt  illustration  of  the  principle  of 
this  propeller. 

(189.)  Machinery  of  the  U.  S.  frigate  Princeton, — The 
engines  which  give  rotation  to  the  shaft  of  the  propeller, 
constructed  on  board  the  United  States'  frigate  Princeton^ 
according  to  the  plans  of  Capt  Ericsson,  consisted  of  two 
BMai-cylinders  placed  with  their  axes  horizontal  and  parallel 
to  the  shaft,  and  their  convex  surfaces  downwards. 

On  the  axis  of  the  semi-cylinder  is  placed  a  solid  parallel- 
Dgram,  equal  in  length  to  the  cylinder,  and  in  breadth  to  its 
radius.  This  parallelogram  being  suspended  on  the  axis  of 
^  semi-cylinder  would  hang  in  the  vertical  position  when 
not  acted  on  by  the  steam,  and  being  moveable  in  each 
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direction  is  capable  of  being  raised  on  either  side  to  the 
height  of  the  flat  top  of  the  semi-cylinder.  Thus  this  paral- 
lelogram is  susceptible  of  a  pendulous  motion  from  side  to 
side,  through  an  angle  of  90°.  It  is  this  parallelogram  which 
discharges  the  functions  of  the  piston.  Steam  is  admitted 
and  discharged  by  proper  valves  on  each  side  of  it,  and  it  is 
thus  driven  from  side  to  side,  alternately,  with  a  corresponding 
force.  The  discharged  steam  passes  to  a  condenser,  where, 
in  the  usual  way,  it  is  converted  into  water,  and  the  piston 
is  suddenly  relieved  from  its  re-action. 

These  semi-cylinders  are  placed  symmetrically  on  each 
side  of  the  shaft,  parallel  to  the  keel,  and  in  the  bottom  of  the 
vessel.  The  action  of  the  vibrating  pistons  is  transmitted  to 
the  shaft  of  the  propeller  by  short  connecting  rods  attached  to 
vibrating  crank  levers  on  the  axis  of  the  vibrating  pistons,  so 
as  to  convert  the  reciprocating  pendulous  motion  into  one  of 
continuous  rotation.  This  mechanical  arrangement,  which  we 
could  not  hope  to  render  intelligible  without  a  model,  presents 
a  singularly  happy  combination  of  elegance  and  simplicity. 

In  the  Princeton  the  entire  machinery,  as  well  as  the 
propeller,  is  below  the  water  line.  The  draft  of  the  fur- 
naces being  produced  by  small  separate  engines  acting  the 
part  of  blowers,  a  funnel  is  not  needed ;  a  short  one,  with 
the  telescope  tube  motion,  is  used  in  the  present  case,  which 
may  be  raised  or  lowered  at  pleasure. 

The  fuel  used  is  hard  coal,  of  the  species  commonly  called 
anthracite,  which  having  an  inconsiderable  proportion  of 
bitumen,  is  consumed  without  flame  or  smoke.  The  in-, 
ventor  claims  that  these  engines  occupy  only  one-eighth  of 
the  tonnage  necessary  for  British  marine  engines  of  the  com* 
mon  kind  of  equal  power,  and  are  only  half  the  weight. 

(190.)  Extensive  use  of  Ericsso7i^s propellers  in  the  United 
States.  —  Propellers  on  this  principle  have  been  for  several 
years  in  extensive  operation  in  the  inland  steam  navigation 
of  the  United  States.  In  the  line  of  navigation  between 
Chicago  and  Quebec  alone,  there  were  fifty  vessels  thus  pro- 
pelled in  1849,  and  about  as  many  more  in  other  parts  of  the 
Union. 

It  will  be  apparent  that  this,  as  well  as  every  other  sub- 
merged propeller,  has  the  advantage  of  producing  the  same 
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jiropelUng  effect,  whatever  position  may  be  given  to  it  in 
tiie  water,  However  the  ship  may  pitch  or  roll,  or  however 
unequal  the  surface  of  the  sea  may  be,  such  a  propeller  will 
always  produce  the  same  backward  current  without  any 
variation  of  effect. 

The  circumstances  which  prevent  the  co-operation  of  the 
power  of  steam  with  that  of  the  sails  in  steam  vessels  pro- 
pelled by  the  common  paddle  wheels,  will  not  operate  with 
submerged  propellers,  inasmuch  as  their  effect  is  altogether 
independent  of  the  careening  of  the  ship. 

(191.)  Propeller  adapted  to  auxiliary  steam  power.  — 
But  though  this  defect  is  remedied,  the  submerged  propellers 
in  general  are  still  subject  to  objections  to  which  even  the 
common  paddle  wheel  is  not  obnoxious.  Being  permanently 
submerged  and  liable  to  accident,  fracture,  and  derangement 
from  various  causes,  they  are  inaccessible,  and  cannot  be 
repaired  at  sea.  But,  besides  this,  when  the  object  in  view 
is  to  take  full  advantage  of  the  power  of  the  sails  at  times 
when  it  is  expedient  to  suspend  the  action  of  the  machinery, 
the  submerged  propeller  becomes  an  obstruction,  more  or  less 
considerable,  to  the  progress  of  the  vessel.  An  expedient 
was  some  years  since  invented  and  patented  by  Captain 
Ericsson,  and  applied  on  board  several  vessels  in  the  United 
States  for  the  removal  of  this  inconvenience.  By  this  con- 
trivance, the  commander  was  enabled  at  any  time,  within  the 
space  of  ten  minutes,  to  raise  the  propeller  out  of  the  water, 
or,  being  so  raised,  to  submerge  it  so  as  to  convert,  for  all 
intents  and  purposes,  a  steamer  into  a  sailing  vessel,  or  a 
sailing  vessel  into  a  steamer,  as  he  may  see  fit. 

The  shaft  on  which  the  propelling  wheel  is  fixed  is 
provided  with  a  simple  mechanism  within  the  vessel,  by 
which  it  may  be  easily  at  any  time  drawn  out  of  the  nave 
of  the  wheel.  The  wheel  itself  is  sustained  by  a  powerful 
vertical  arm,  the  upper  end  of  which  is  attached  to  a  strong 
axis,  which  enters  the  vessel  parallel  to  the  main  axis,  and 
above  the  summit  of  the  wheel.  To  this  axis,  within  the 
vessel,  is  attached  a  piece  of  mechanism,  by  which  it  may 
be  turned  through  half  a  revolution  by  the  power  of  two 
men,  with  such  force  that  the  propeller  wiU  be  made  to  per- 
form half  a  revolution  round  the  upper  end  of  the  vertical 
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arm  which  supports  it,  by  which  that  arm  will  be  presented 
upward  instead  of  downward.  The  wheel,  therefore,  instead 
of  being  submerged,  will  be  supported  at  the  stern  of  the 
vessel,  at  the  place  where  a  boat  is  usually  suspended. 

The  vessel  will  thus  be  free  from  all  obstruction  in  pass- 
ing through  the  water,  and  will  acquire  all  the  efficiency 
which  any  mere  sailing  vessel  can  have ;  besides  which  the 
propeller  is  placed  in  such  a  situation  that  it  may  be  re- 
paired if  necessary. 

The  main  shaft  which  drives  the  propeller  when  sub- 
merged, is  at  a  depth  of  seven  or  eight  feet  under  the  lower 
deck.  The  cylinders,  by  which  it  is  impelled,  are  supported 
in  a  standing  position  on  the  timbers  of  the  vessel,  their 
piston  rods  being  presented  towards  the  crank  on  the  shaft 
which  they  drive  in  the  usual  manner  by  connecting  rods. 
The  boilers  and  the  fuel  occupy  the  space  immediately  before 
the  cylinders.  The  entire  machinery,  including  the  boilers 
with  the  fuel,  are  below  the  second  deck  of  the  vessel. 

(192.)  The  screw  propeller. —  This  instrument  is  similar 
in  form  and  mechanical  principle  to  the  hydraulic  machine 
known  as  the  screw  of  Archimedes.  A  cylinder  placed  at 
the  bottom  of  the  vessel,  and  in  the  direction  of  the  keel,  is 
surrounded  by  a  spiral  blade  similar,  precisely,  to  the  thread  of 
a  common  screw,  but  projecting  from  it  instead  of  being  cut 
into  its  surface.  If  such  a  screw  wei-e  turned  in  a  solid,  it 
would  move  forward  through  a  space  equal  to  the  distance 
between  two  contiguous  threads  in  each  revolution ;  but  the 
water  not  being  solid  yields  more  or  less  to  the  re-action  of 
the  screw,  and  consequently  the  screw  moves  forward  through 
a  space  in  each  revolution  less  than  the  distance  between  two 
contiguous  threads. 

The  distance  between  two  contiguous  threads  is  technically 
called  the  pitch  of  the  screw  ;  a  term,  however,  which  is  some- 
times also  used  to  express  the  angle  formed  by  the  blade  of 
the  screw  with  its  axis,  such  angle  supplying  the  means  of 
calculating  the  distance  between  such  contiguous  threads. 
"We  shall  here,  however,  use  the  term  pitch  in  the  former  sense. 
The  difference  between  the  pitch  of  the  screw  and  the  space 
through  which  the  screw  actually  progresses  in  the  water  in 
one  revolution  is  called  the  slip. 
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^  In  the  first  vessels  to  which  screw  propellers  were  applied, 
the  screw  consisted  of  a  single  spiral  blade,  which  made  one 
convolution  only  round  the  cylinder.  This  aiTangement  was 
subsequently  modified,  and  a  half  convolution  of  a  double 
threaded  screw  was  used  instead  of  a  complete  convolution 
of  a  single  threaded  screw.  More  recently  a  smaller  portion 
of  a  convolution  has  been  adopted,  about  a  sixth  of  a  convo- 
lution being  at  present  the  most  approved  proportion. 

In  English  steamers  screws  of  two  blades,  or  two  arms, 
are  most  commonly  employed ;  but  in  France,  and  in  Ame- 
rica, these  propellers  are  constructed  with  from  four  to  six 
arms.  In  light  vessels,  few  blades  give  the  best  results ;  but 
for  heavy  cargo  vessels,  propellers  with  more  arms  are 
preferred,  especially  where  there  is  a  limited  draft  of  water. 

Propellers  with  two  arms  are  usually  made  as  large  in 
diameter  as  the  draft  of  water  will  admit,  and  the  pitch  is 
made  about  equal  to  the  diameter. 

The  slip  of  the  screw  is  observed  to  vary  in  different 
vessels  from  an  indefinitely  small  amount  to  fifty  per  cent, 
of  the  motion  which  the  screw  would  have  if  working  in  a 
solid  nut. 

(193.)  Paradoxical  effect  imputed  to  the  screw.  —  I  find 
a  curious  paradoxical  statement  respecting  the  action  of  the 
screw  advanced  by  a  writer  in  "  The  Steam  Engine,  by  the 
Artisan  Club."  He  says  that  "  in  some  cases  the  vessel  is 
propelled  at  a  faster  rate  than  if  the  screw  worked  in  a 
solid."  Now,  if  this  be  true  as  a  matter  of  fact,  it  would 
appear  that  the  vessel  in  such  case  must  be  under  the 
influence  of  some  propelling  power  independent  of  the  screw, 
for,  according  to  the  common  principles  which  govern  the 
action  of  the  screw,  a  progressive  motion  faster  than  one 
determined  by  the  pitch  of  the  screw  would  cause  the  screw 
to  act  against  the  water  in  the  direction  of  the  vessel's 
course,  and  consequently  to  retard  the  vesseL  However,  I 
give  this  as  the  statement  of  a  practical  authority,  and  it  will 
be  proper  also  to  give  the  solution  proposed  for  it  by  the 
same  authority.  The  writer  goes  on  to  say,  "  One  cause  of 
this  anomaly  probably  is,  that  the  water  in  closing  in  upon 
the  wake  of  the  vessel  having  a  motion  given  to  it,  the  screw 
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impinges  not  upon  still,  but  upon  moving  water,  whereby  an 
increased  reaction  is  obtained." 

I  am  assured  by  the  same  practical  authority,  that  "  in 
some  of  the  earlier  trials  of  the  Archimedes,  this  negative 
slip,  as  it  has  been  called,  was  remarked,  but  its  reality  was 
at  that  time  disbelieved,  and  the  apparent  effect  was  im- 
puted to  some  unobserved  source  of  error.  Experiments 
made  with  the  war  steamer  Arrogant  have  given  a  nega- 
tive slip  of  1-02  per  cent.,  and  like  experiments  with  the 
Plumper  have  given  a  negative  slip  varying  from  5 "33  to 
18-43  per  cent." 

In  other  words,  it  is  inferred  that  the  screw  propeller 
moves  faster  in  that  proportion  through  the  water  than  it 
would  if  it  worked  in  a  solid  nut. 

Not  being  in  possession  of  experimental  data  sufficiently 
varied  and  extensive  to  enable  me  to  submit  this  question 
to  rigorous  investigation,  I  leave  the  statements,  advanced 
by  the  highly  respectable  practical  authority  already  named, 
as  "they  stand.  It  is  probable,  however,  that  more  numerouis 
data  will  soon  be  published,  which  no  doubt  will  elucidate 
the  point. 

(194.)  Expedient  for  giving  the  necessary  velocity  to  screw 
propellers.  —  The  adoption  of  the  screw  propeller  involves  a 
condition  which  renders  necessary  an  important  modification 
of  the  engine.  To  produce  a  given  propelling  effect,  the  velo- 
city of  rotation  imparted  to  the  screw  must  be  much  greater, 
while  the  resistance  it  opposes  to  the  engine  is  much  less 
than  in  the  case  of  any  form  of  paddle  wheel,  or,  indeed, 
than  any  other  form  of  propeller  whatever.  Smaller  cy- 
linders developing  the  same  power  by  a  greater  velocity  of 
the  piston,  or  the  common  magnitude  of  piston,  acting  on 
the  propeller  through  the  intervention  of  any  mechanism 
which  would  increase  the  velocity,  and  consequently  diminisli 
the  force,  would  attain  this  end. 

But  various  circumstances  render  a  very  rapid  recipro- 
cating motion  of  the  piston  in  condensing  engines  of  the 
usual  construction  disadvantageous,  the  principal  of  which 
is,  the  impossibility  of  driving  the  air  pump  at  a  high  speed 
without  causing  the  valves  to  strike  so  hard  as  to  knock 
themselves  to  pieces. 
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»  Various  expedients  have  been  proposed  to  surmount  this 
diflBcultj. 

1.  A  non-condensing  engine  acting  on  the  propeller  in  the 
same  manner  as  the  pistons  of  a  locomotive  engine  act  on 
the  driving  wheels. 

Against  this  method,  which  is  recommended  by  its  great 
Bimplicity,  is  objected  the  necessity  of  using  high-pressure 
Bteam  and  the  inferior  duty  obtained  from  the  fuel. 

2.  The  interposition  of  cog  wheels,  or  endless  bands  or 
chains  acting  over  cylinders  or  drums  so  as  to  give  the  pro- 
peller a  greater  velocity  in  any  required  proportion  than  that 
>f  the  piston. 

To  this  is  objected  the  complexity  of  the  mechanism  inter- 
vening between  the  piston  and  the  propeller,  and  its  liability 
CO  fracture,  accidental  derangement,  and  rapid  wear. 

3.  The  substitution  of  slides  for  the  foot  and  delivery 
calves  of  the  air  pump. 

This  expedient  has  been  proposed  by  Mr.  John  Bourne, 
;he  editor  and  principal  author  of  the  excellent  practical 
?rork  on  the  Steam  Engine,  wliich  bears  the  sanction  of  the 
A.rtisan  Club.* 

4.  The  interposition  of  any  mechanism  between  the  piston 
ind  the  air  pump,  by  which  the  velocity  of  the  air  pump 
)ucket  would  be  diminished,  would  also  supply  an  expedient 
or  surmounting  the  difficulty. 

This  method  of  surmounting  the  difficulty  has  been  prac- 
ically  introduced  by  Messrs.  Stothart,  Slaughter  and  Co.  of 
Bristol. 

5.  The  use  of  a  separate  engine  for  working  the  air  pump. 
This  plan  has  been  introduced  in  France  in  a  vessel  called 

he  John  Ericsson. 

6.  The  substitution  of  a  number  of  small  discs  of  Indian 
ubber,  bound  down  at  the  centre,  for  the  metal  air  pump 
alves  heretofore  employed. 

This  is  the  plan  which  has  come  into  the  most  general 
doption. 

♦  Steam  Engine,  by  Artisan  Club,  p.  178. 
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CHAPTER  III. 

PROGRESS   OF    STEAM   NAVIGATION. 

(195.)  Inventors  of  steam  navigation  uneducated. — If  the 
spirits  of  Watt,  Trevithick,  and  Fulton  can  look  down  on 
the  things  of  this  nether  world,  and  behold  the  grand  results 
their  discoveries  and  inventions  have  produced,  what  triumph 
must  be  theirs !  For  half  a  century  the  steam  engine  had 
remained  a  barren  fact  in  the  archives  of  science,  when  the 
self-taught  genius  of  the  Glasgow  mechanic  breathed  into  it 
the  spirit  of  vitality,  and  conferred  upon  it  energies  by 
which  it  revived  the  drooping  commerce  of  his  country,  and, 
when  the  auspicious  epoch  of  general  peace  arrived,  diffused 
its  beneficial  influence  to  the  very  skirts  of  civilization. 
Scarcely  had  the  fruit  of  the  labour  of  Watt  ripened,  and 
this  great  mover  been  adopted  as  the  principal  power  in  the 
arts  and  manufactures,  than  its  uses  received  that  prodigious 
extension  which  resulted  from  its  acquiring  tlie  LOCOMOxnE 
character.  As  it  had  previously  displaced  animal  power  in 
the  MILL,  and  usurped  its  nomenclature,  so  it  now  menaced 
its  displacement  on  the  road.  A  few  years  more  witnessed 
perhaps  the  greatest  and  most  important  of  all  the  manifold 
agencies  of  steam  —  that  by  which  it  has  given  wings  to  the 
ship,  and  bade  it  laugh  to  scorn  the  opposing  elements,  trans- 
porting it  in  triumph  over  the  expanse  of  the  trackless  ocean, 
regardless  of  wind  or  current,  and  conferring  upon  locomo- 
tion over  the  deep  a  regularity,  certainty,  and  precision,  sur- 
passed by  nothing  save  the  movement  of  chronometers  or  the 
course  of  the  heavenly  bodies.  Such  are  the  vast  results 
which  have  sprung  from  the  intelligence  of  men,  none  of 
whom  shared  those  privileges  of  mental  culture  enjoyed 
by  the  favoured  sons  of  wealth  ;  none  of  whom  grew  up 
within  the  walls  of  schools  or  colleges,  drawing  inspiration 
from  the  fountains  of  ancient  learning  ;  none  of  whom  were 
spurred  on  by  those  irresistible  incentives  to  genius  arising 
from  the  competition  of  ardent  and  youthful  minds,  and  from 
the  prospect  of  scholastic  honours  and  professional  advance- 
ment. Sustained  by  that  innate  consciousness  of  power, 
stimulated  by  that  irrepressible  force  of  will,  so  eminently 
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^baracteristic  of  and  inseparable  from  minds  of  the  first 
)rder,  they,  in  their  humble  and  obscure  positions,  perserered 
igainst  adverse  and  embarrassing  circumstances,  impelled  by 
he  faith  that  was  in  them,  against  the  doubts,  the  opposition, 
md,  not  unfrequently,  the  ridicule  of  an  incredulous  world, 
mtil  at  length,  by  time  and  patience,  truth  was  triumphant, 
ind  mankind  now  gathers  the  rich  harvest  sown  by  these 
illustrious  labourers. 

I  (196.)  First  steamers  on  the  Hudson  and  the  Clyde. — It 
ras  about  the  eighth  year  of  the  present  century  that  Fulton 
aunched  the  first  steamboat  on  the  Hudson.  After  the 
apse  of  four  years  the  first  European  steamboat  was  esta- 
blished on  the  Clyde.  From  that  time  the  art  of  steam  navi- 
ation,  in  the  two  great  maritime  and  commercial  nations, 
dvanced  with  a  steady  and  rapid  progress.  But  it  took 
ifferent  directions,  governed  by  the  peculiar  geographical 
nd  commercial  circumstances  attending  these  countries, 
["he  genius  and  enterprise  of  the  United  States  saw  before 
nd  around  it  a  vast  territory,  intersected  by  navigable  rivers 
f  unequalled  length,  forming  lines  of  water  communication 
n  a  colossal  scale  between  its  extensive  interior  and  the  sea- 
oard.  The  Mississippi  and  its  tributaries,  with  their  sources, 
)6t  in  distant  tracts  as  yet  untrodden  by  civilized  man,  and 
avigable  by  large  vessels  for  many  thousands  of  miles,  — 
ie  Hudson,  all  but  touching  upon  those  magnificent  inland 
jas  that  stretch  along  the  northern  boundary,  and  are  almost 
[>nnected  with  the  Mississippi  by  the  noble  stream  of  the 
[linois, — the  Delaware,  the  vast  Potomac,  and,  in  fine,  a  coast 
lousands  of  miles  in  extent,  fringed  by  innumerable  bays 
nd  harbours,  and  land-locked  basins  having  all  the  attributes 
r  lakes,  —  these  addressed  themselves  to  the  eye  of  the  en- 
ineer  and  the  capitalist,  and  determined  the  direction  of 
iterprise.  The  application  of  steam  power  to  inland  navi- 
ation  —  the  construction  of  vessels  suited  to  traverse  with 
)eed,  safety,  and  economy,  rivers  and  lakes,  harbours,  bays, 
id  extensive  inlets  —  this  was  the  task  and  the  vocation  of 
le  American  engineer,  and  this  the  interest  of  the  capitalist 
id  the  merchant.* 

*   For   a  more  developed  notice  of  American  steam  navigation,  sec 
ailway  'E.conomj,  chap.  xvi. 
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(197.)  Sea-going  steamers  due  to  British  engineers. - 
The  problem  of  steam  navigation,  however,  presented  itse! 
to  the  British  engineer  under  other  conditions.  In  a  grou 
of  islands  intersected  by  no  considerable  navigable  riveri 
and  neither  requiring  nor  admitting  any  inland  navigatio 
save  that  of  artificial  canals,  —  separated,  however,  froi 
each  other  and  from  the  adjacent  continent  of  Europe  b 
straits,  channels,  gulfs,  and  other  arms  of  the  sea,  —  it  wa 
apparent  that  if  steam  power  should  become  available  at  al 
it  must  be  adapted  to  the  navigation  of  these  seas  an 
channels  —  it  must  be  adapted  to  accelerate  and  cheape 
the  intercourse  between  the  British  islands,  between  poi 
and  port  upon  their  coasts,  between  them  and  the  variou 
ports  on  the  adjacent  coast  of  Europe,  and  finally  to  establis 
a  communication  with  the  Mediterranean  and  the  coasts  t 
Africa,  Asia,  and  Europe,  which  are  washed  by  it.  Whil 
the  American,  therefore,  was  called  on  to  contrive  a  steam 
vessel  adapted  to  inland  and  smooth-water  navigation,  th 
British  engineer  had  the  more  difficult  task  to  construct  on 
which  should  be  capable  of  meeting  and  surmounting  all  tb 
obstructions  arising  from  the  vicissitudes  of  the  deep. 

The  result  of  the  labour  and  enterprise  of  the  Englis! 
nation  directed  to  this  inquiry  has  been  the  present  sea-goin] 
steam  ship. 

(198.)  Progress  of  steam  navigation  from  1812  to  1837.- 
In  the  quarter  of  a  century  which  elapsed  between  1812  am 
1837  steam  navigation  made  a  steady  and  continuous,  but  not 
sudden  progress.  The  first  lines  of  steamers  wei'e  establishei 
naturally  between  the  ports  of  England  and  the  nearest  sea 
ports  of  Ireland  on  the  one  side,  and  France  on  the  othei 
The  length  of  each  unbroken  passage  was  then  regarded  a 
the  great  difficulty  of  the  project.  Thus  steamers  were  es 
tablished  between  Holyhead  and  Dublin,  and  between  Dove 
and  Calais,  long  before  projectors  ventured  to  try  them  be 
tween  Dublin  and  Liverpool,  or  between  London  and  th- 
Low  Countries. 

After  some  years'  experience,  however,  and  the  consequcn 
improvement  of  the  marine  engine,  passages  of  greater  lengtl 
were  attempted  with  success.  Lines  of  steamers  were  es 
tablished  first  between  more  distant  parts  of  the  Unitec 
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lingdom ;  as,  for  example,  between  London  and  Edinburgh, 
jxd  between  Dublin,  Liverpool,  and  Glasgow.  At  a  later 
►eriod  still  longer  trips  became  practicable,  and  lines  of 
teamers  were  established  between  the  United  Kingdom  and 
he  Mediterranean  ;  touching,  however,  for  fuel  at  the  penin- 
ular  ports,  such  as  Corunna,  Lisbon,  and  Gibraltar. 

During  this  period,  also,  a  fleet  of  steamers  was  constructed 
»y  Government  for  post-oflice  purposes,  and  a  steam  navy 
cas  gradually  created,  among  which  were  found  ships  of 
arge  tonnage  and  considerable  power. 

(199.)  Atlantic  steamers  projected.  —  At  length,  in  the 
rear  1836,  a  project,  then  considered  as  a  startling  one,  was 
irst  announced  to  supersede  the  far-famed  New  York  and 
Liverpool  packet-ships,  by  a  magnificent  establishment  of 

TEAM    SHIPS. 

These  vessels  were  to  sustain  a  constant,  regular,  and 
•apid  communication  between  the  New  and  Old  World. 
They  were  to  be  the  great  channel  for  commerce,  intelli- 
gence, and  social  intercourse,  between  the  metropolis  of  the 
iVest  and  the  vast  marts  of  the  United  Kingdom  ;  they  were, 
n  a  word,  to  fulfil,  not  only  all  the  functions  which  for  half 
I  century  had  been  so  admirably  discharged  by  the  packet- 
ihips,  but  to  do  so  with  expedition  increased  in  a  threefold 
)roportion  at  the  least.  Such  an  announcement  could  not 
ail  to  captivate  the  public.  The  results  to  be  anticipated 
vere  so  obvious,  so  grand,  and  must  be  attended  with  effects 
>o  widely  spread,  that  all  persons  of  every  civilized  nation  at 
mce  felt  and  acknowledged  their  importance.  The  announce- 
nent  of  the  project  was  accordingly  hailed  with  one  general 
ihout  of  acclamation. 

Some,  who,  being  conversant  with  the  actual  condition  of 
;he  art  of  steam-engineering  as  applied  to  navigation,  and 
iware  of  various  commercial  conditions  which  must  affect 
the  problem,  and  were  enabled  to  estimate  calmly  and  dis- 
passionately the  difiiculties  and  drawbacks,  as  well  as  the 
advantages,  of  the  undertaking,  entertained  doubts  which 
clouded  the  brightness  of  their  hopes,  and  warned  the  com- 
mercial world  against  the  indulgence  of  too  sanguine  an- 
ticipations of  the  immediate  and  unqualified  realisation  of 
the  project.     They  counselled  caution  and  reserve  against 
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an  improvident  investment  of  extensive  capital  in  schemes 
which  could  still  be  only  regarded  as  experimental,  and 
which  might  prove  its  grave.  But  the  voice  of  remonstrance 
was  drowned  amid  the  enthusiasm  excited  by  the  promise  ot 
an  immediate  practical  realisation  of  a  scheme  so  grand. 
The  keel  of  the  Great  Western  was  laid ;  an  assurance  was 
given  that  the  seasons  would  not  twice  run  through  their 
changes  before  she  would  be  followed  by  a  splendid  line  of 
vessels,  which  should  consign  the  packet-ships  to  the  care  of 
the  historian  as  "things  that  were." 

(200.)  Abstract  possibility  of  the  voyage  could  not  be 
doubted. — It  cannot  be  seriously  imagined  that  any  one 
who  had  been  conversant  with  the  past  history  of  steam 
navigation  could  entertain  the  least  doubt  of  the  abstract 
practicability  of  a  steam  vessel  making  the  voyage  between 
Bristol  and  New  York. 

A  vessel  having  as  her  cargo  a  couple  of  hundred  tons  of 
coals  would,  ccBteris  paribus,  be  as  capable  of  crossing  the 
Atlantic  as  a  vessel  transporting  the  same  weight  of  any 
other  cargo.  A  steam  vessel  of  the  usual  form  and  con- 
struction would,  it  is  true,  labour  under  comparative  dis- 
advantages, owing  to  obstructions  presented  by  her  paddle 
wheels  and  paddle  boxes ;  but  still  it  would  have  been  pre- 
posterous to  suppose  that  these  impediments  could  have 
rendered  her  passage  to  New  York  impracticable. 

(201.)  The  voyage  had  been  already  accomplished  by  two 
steamers.  —  But,  independently  of  these  considerations,  it 
was  a  well-known  fact,  that,  long  antecedent  to  the  epoch 
now  adverted  to,  the  Atlantic  had  actually  been  crossed 
by  the  steamers  Savannah  and  Curacoa.  Nevertheless  a 
statement  was  not  only  widely  circulated,  but  generally 
credited,  that  I  had  publicly  asserted  that  a  steam  voyage 
across  the  Atlantic  was  "  a  physical  impossibility  !  " 

Although  this  erroneous  statement  has  been  again  and 
again  publicly  contradicted  through  various  organs  of  the 
press,  it  continues  nevertheless  to  be  repeated.  I  shall  there- 
fore take  this  opportunity  once  more  to  put  on  record  what  I 
really  did  state  on  the  occasion  on  which  I  am  reported  to  have 
aflSrraed  that  the  Atlantic  steam  voyage  was  a  physical 
impossibility. 
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(202.)  Projects  advanced  in  1836. — Projects  had  been 
started  in  the  year  1836  by  two  different  and  opposing 
interests,  one  advocating  the  establishment  of  a  line  of 
steamers  to  ply  between  the  west  coast  of  Ireland  and 
Boston,  touching  at  Halifax;  and  the  other  a  direct  line, 
making  an  uninterrupted  trip  between  Bristol  and  New 
York.  In  the  year  1836,  on  the  occasion  of  the  meeting  of 
the  British  Association  in  Dublin,  I  had  advocated  the  former 
of  these  projects. 

(203.)  Discussion  at  Bristol  in  1837.  —  On  the  occasion 
of  the  next  meeting  in  1837  at  Bristol,  I  again  urged  its 
advantages,  and  by  comparison  discouraged  the  project  of  a 
direct  line  between  Bristol  and  New  York.  When  I  say 
that  I  advocated  one  of  these  projects,  it  is  needless  to  add 
that  the  popular  rumour  that  I  had  pronounced  the  Atlantic 
voyage  impracticable  is  utterly  destitute  of  foundation.  But 
I  am  enabled  to  offer  more  conclusive  proofs  than  this,  that, 
so  far  from  asserting  that  the  Atlantic  voyage  by  steam  was 
impossible,  /  distinctly  affirmed  the  contrary. 

The  "  Times  "  newspaper  sent  a  special  reporter  to  attend 
the  meeting  at  Bristol,  and  more  particularly  to  transmit  a 
report  of  the  expected  discussion  on  the  Atlantic  steam 
voyage,  which  at  the  moment  excited  much  interest. 

(204.)  Report  of  Dr.  Lardner's  speech  from  "  Times"  of 
27th  August —  showing  the  falsehood  of  the  report  that  he 
pronounced  the  project  impracticable.  —  The  meeting  took 
place  on  the  2oth,  and  the  report  appeared  in  the  "  Times  " 
of  the  27  th  of  August.  From  that  report  I  extract  the 
following  :  — 

"  Da.  Lardnek  said  he  wonld  beg  of  any  one,  and  more  especially  of 
those  who  had  a  direct  interest  in  the  inquiry,  to  dismiss  from  their 
minds  all  previously -formed  judgments  about  it,  and  more  especially  upon 
this  question,  to  be  guarded  against  the  conclusions  of  mere  theory,  for  if 
ever  there  was  one  point  in  practice  of  a  commercial  nature  which,  more 
than  another,  required  to  be  foxmded  on  experience,  it  was  this  one  of 
extending  steam  navigation  to  voyages  of  extraordinary  length.  He 
was  aware  that  since  the  question  had  arisen,  it  had  been  stated  that  his 
own  opinion  was  averse  to  it.  This  statement  was  totally  wrong,  but  he  did 
feel  that  great  caution  should  be  used  in  the  adoption  of  the  means  of 
carrying  the  project  into  effect   Almost  all  depended  on  the  first  attempt, 
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for  a  failure  would  much  retard  the  ultimate  consummation  of  the 
project. 

"  Mr.  Scott  Russel  said  that  he  had  listened  with  great  delight  to 
the  lucid  and  logical  observations  they  had  just  heard.  He  would  add 
one  word.  Let  them  try  this  experiment,  with  a  view  only  to  the  en- 
terprise itself,  but  on  no  account  try  any  new  boiler  or  other  experiment, 
but  to  have  a  combination  of  the  most  approved  plans  that  had  yet  been 
adopted. 

"  After  some  observations  from  Messrs.  Brunel  and  Field,  Dr. 
Lardner,  in  reply,  said,  that  he  considered  the  voyage  practicable,  but  he 
wished  to  point  out  that  which  would  remove  the  possibility  of  a  doubt, 
because  if  the  first  attempt  failed  it  would  cast  a  damp  upon  the  enter- 
prise, and  prevent  a  repetition  of  the  attempt." 

Such  Avas  the  report  of  the  "Times"  of  the  speech  in 
which  I  was  afterwards,  and  have  ever  since  been  represented 
as  having  declared  a  steam  voyage  across  the  Atlantic  a 
mechanical  impossibility  ! 

(205.)  Similar  report  from  the  Edinburgh  Review.  — 
But  the  "  Times  "  report,  though  conclusive,  is  not  the  only 
proof  I  can  produce  that  my  statements  were  directly  the 
reverse  of  those  imputed  to  me.  In  the  number  of  the 
"  Edinburgh  Review"  which  appeared  soon  after  the  Bristol 
meeting,  there  was  an  article  on  this  question,  in  which  the 
speech  delivered  by  me  at  Bristol  was  adverted  to  and 
quoted.     The  following  is  an  extract  from  that  article :  — 

"  The  statement  laid  before  that  section  by  Dr.  Lardner  obtained  such 
publicity,  at  the  time,  through  the  press,  that  it  would  be  superfluous  to 
recapitulate  its  arguments.  The  conclusions,  however,  to  which  he 
arrived,  were  briefly  these  :  —  That  in  the  present  state  of  the  steam 
engine,  as  applied  to  nautical  purposes,  he  regarded  a  permanent  and 
profitable  communication  between  Great  Britain  and  New  York  by  steam 
vessels  making  the  voyage  in  one  trip,  as  in  a  high  degree  impro- 
bable ;  that  since  the  length  of  the  voyage  exceeds  the  present  limits  of 
steam  power,  it  would  be  desirable  to  resolve  it  into  the  shortest  prac- 
ticable stages,  and,  therefore,  that  the  most  eligible  point  of  departure 
would  be  the  most  western  shores  of  the  British  Isles,  and  the  first  point 
of  arrival  the  most  eastern  available  port  of  the  western  continent ;  and 
that  under  such  circumstances  the  length  of  the  trip,  though  it  would 
come  fully  up  to  the  present  limit  of  this  application  of  steam  power, 
would  not  exceed  it,  and  that  we  might  reasonably  look  for  such  a  degree 
of  improvement  in  the  efiiciency  of  marine  engines,  as  would  render  such 
an  enterprise  permanent  and  profitable." 

(206.)   Similar  report  from  the  Monthly  Chronicle.  —  In 
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the  "  Monthly  Chronicle,"  also,  a  periodical  edited  by  me  at 
this  time,  appeared  an  article  published  immediately  after  the 
Bristol  meeting,  from  which  the  following  is  extracted :  — 

"  In  fact,  no  doubt  has  been  entertained  or  expressed  as  to  the  prac- 
ticability of  establishing  a  communication  between  these  countries  and 
New  York  by  a  line  of  steam  vessels  ;  but  a  diflFerence  of  opinion  has 
been  entertained  as  to  what  mode  of  accomplishing  the  object  may 
best  ensure  certainty,  safety,  regularity  and  profit,  without  which  last 
element  it  is  presumed  the  other  objects  could  hardly  be  secured." 

(207.)  Atlantic  steam  voyage  advocated  by  Dr.  Lardner 
in  1836-7.  —  What  I  did  affirm  and  maintain  in  1836-7 
was,  that  the  long  sea  voyages  by  steam  which  were  con- 
templated could  not  be  maintained  with  that  regularity  and 
certainty  which  are  indispensable  to  commercial  success,  by 
any  revenue  which  could  be  expected  from  traffic  alone,  and 
that,  without  a  Government  subsidy  of  a  considerable  amount, 
such  lines  of  steamers,  although  they  might  be  started,  could 
not  be  permanently  maintained. 

Steam  navigation  had  till  then,  as  has  been  already  ex- 
plained, been  confined  to  the  narrow  seas  which  separate 
adjacent  countries,  —  such  as  the  Irish  Channel,  the  German 
Ocean,  and  the  Mediterranean.  For  such  navigation  steam 
ships  have  great  and  numerous  advantages  over  sailing 
vessels,  more  especially  for  the  transport  of  passengers. 

In  confined  seas  and  in  coasting,  their  superior  safety  was 
obvious.  Independent  in  a  great  degree  of  the  wind,  a 
steamer  fears  no  lee-shore.  If  pressed  by  stress  of  weather, 
she  has  that  within  her  which  in  most  cases  will  carry  her 
into  the  safe  shelter  of  any  neighbouring  port.  Provided 
with  convenient  depots  at  short  distances,  she  needs  not  to 
fill  her  tonnage  with  coals,  and  thereby  limit  the  magnitude 
and  power  of  her  engines,  or  encroach  upon  the  space  which 
might  be  profitably  occupied  by  passengers,  or  by  objects  of 
commerce.  Supplied,  therefore,  with  abundant  mechanical 
power,  she  far  outstrips  all  sailing  vessels,  and  puts  any  such 
competition  completely  out  of  the  question. 

The  steam  engine,  however,  like  an  animal,  requires  that 
its  periods  of  labour  should  be  of  limited  duration,  and  that 
repose  should  be  allowed  at  reasonable  intervals,  during 
which  the  machinery  should  be  looked  over,  cleaned,  oiled, 
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and  put  to  riglits.  The  service  to  which  steam  vessels  had 
been  previously  confined  admitted  of  this,  without  inter- 
ruption to  the  operation  of  the  machinery  ;  the  frequent 
arrivals  and  the  necessary  time  of  remaining  in  port  being 
generally  more  than  sufficient  for  these  purposes. 

How  diiferent  were  the  circumstances  under  which  the 
Atlantic  steamers  were  about  to  compete  with  sailing  vessels. 
The  dangers  of  confined  seas  and  coasting  navigation  no 
longer  menace  the  majestic  ship,  which  in  conscious  security 
seems  to  triumph  in  the  unlimited  expanse  of  water  around 
her,  and  to  bound  with  gladness  over  the  ocean  swell.  No 
threatening  shore  is  present  to  call  into  requisition  the  pe- 
culiar powers  of  her  mechanical  rival,  no  shoals  or  sand- 
banks are  encountered  on  which  she  may  be  driven  by  the 
disobedient  wind,  and  from  which  her  intractable  helm  and 
sails  cannot  save  her,  but  among  the  intricacies  of  whose 
channels  the  powers  of  her  rival  can  conduct  her  with  un- 
erring precision.  On  the  other  hand,  designed  expressly 
by  her  structure  to  encounter  the  tumultuous  surface  of  the' 
ocean,  having  the  skill  and  experience  of  a  hundred  gene- 
rations of  men  concentrated  to  confer  on  her  security  and 
defence  from  the  perils  of  the  deep,  the  sailing  vessel  has 
in  the  ocean  storm  some  advantage  as  to  safety,  encumbered 
as  the  steamer  is  by  her  machinery,  by  the  unwieldy  pro- 
jecting masses  of  her  paddle  boxes,  and  her  chiraney. 

On  the  occasion  now  alluded  to,  —  namely,  in  the  public 
discussions  which  took  place  in  the  years  1836  and  1837,  —  I 
urged  all  these  circumstances  and  others  to  demonstrate  the 
necessity,  in  attempting  the  grand  enterprise  contemplated, 
of  calling  into  requisition  every  source  of  safety  and  efl5- 
ciency  which  the  most  consummate  mechanical  and  nautical 
skill  could  supply,  and  that,  although  novel  expedients  should 
be  regarded  with  caution,  still,  that  the  exigency  of  the  case 
would  render  it  in  the  last  degree  imprudent  not  to  give  every 
fair  trial  to  those  pretensions  compatible  with  security. 

But,  independently  of  the  considerations  above  stated, 
there  were  others  not  less  imperatively  demanding  attention 
and  consideration.  To  secure  permanent  success,  safety, 
efficiency,  and  despatch,  would  not  be  enough.  It  was  ne- 
cessary, besides,  that  the  enterprise  should  yield  a  fair  profit 
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on  the  capital  it  would  absorb.  I  had  had  abundant  pro- 
fessional experience  in  relation  to  steam  navigation  at  that 
time  to  be  aware  of  the  great  magnitude  of  the  expenditure 
which  the  proper  maintenance  of  steamships  like  those  ne- 
cessary for  the  Atlantic  voyage  would  require,  to  ensure  for 
them  the  necessary  expedition  in  their  competition  with  the 
finest  sailiug  vessels  in  the  world,  —  the  Liverpool  liners.  It 
would  be  obviously  necessary  to  supply  them  with  a  liberal 
amount  of  power  in  proportion  to  their  tonnage;  a  very 
large  portion  of  that  tonnage  would  therefore  be  occupied  by 
the  machinery  and  fuel.  It  was  therefore  apparent  that  the 
freight  of  goods  was  a  source  of  profit  from  which  they 
would  be  almost  excluded.  Letters,  packages,  and  a  limited 
amount  of  light  goods  of  such  a  kind  as  would  bear  a  high 
rate  of  freight,  and  which  demanded  great  expedition,  were 
all  that  they  could  look  to.  Passengers  must  therefore  be 
their  chief  source  of  revenue. 

(208.)  Dr.  Lardner  insists  upon  the  necessity  of  a  govern- 
ment subvention  to  sustain  such  an  enterprise.  —  But  still  I 
contended  that  in  the  state  in  which  the  art  of  constructing 
steam  vessels  then  was,  even  with  all  the  prudence  and  skill 
that  could  be  exercised,  a  permanent  and  regular  line  of 
steamers  running  through  the  year  between  England  and  New 
York,  or  any  other  port  of  the  United  States,  could  not  be 
productive  of  that  commercial  profit  which  would  be  indis- 
pensable to  sustain  them,  and  that  they  must  have  some  consi- 
derable revenue  to  fall  back  upon,  especially  in  the  winter  part 
of  the  year,  besides  the  utmost  that  could  be  expected  from 
cargo  and  passengers.  The  source  of  such  support  was  ap- 
parent, and  I  again  and  again  at  public  meetings  urged  that 
the  possession  of  the  British  Post-office  contract  for  convey- 
ing the  mails,  would  form  an  indispensable  element  in  the 
successful  issue  of  the  project ;  but  to  obtain  this,  it  was  ne- 
cessary that  Halifax  should  be  adopted  as  an  intermediate 
station.  The  plan,  therefore,  that  I  advocated,  both  in 
Dublin,  at  the  meeting  of  the  British  Association,  in  1836, 
and  subsequently  in  London,  and  other  principal  towns  of 
England,  and  again  at  the  meeting  of  the  British  Association 
at  Bristol,  where  I  have  been  charged  with  pronouncing  the 
project  impracticable,  was  to  establish  a  line  of  steam  com- 
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munication  between  one  of  the  western  ports  and  Boston, 
touching  at  Halifax,  and  thereby  securing  the  contract  for 
the  conveyance  of  the  British  mails.  I  proposed  that  a  rail- 
way should  be  constructed  between  a  starting  point  on  the 
west  of  Ireland  and  Dublin,  which,  with  the  Dublin  and 
Liverpool  steamers,  and  the  Liverpool,  Birmingham,  and 
London  railway,  would  form  one  great  continuous  steam 
highway  between  the  capitals  of  the  New  and  the  Old  World. 
But  whatever  might  be  the  ports  of  departure  and  ar- 
rival, I  insisted  upon  the  necessity  of  securing  the  convey- 
ance of  the  mails  and  a  liberal  subsidy  from  the  Post-office, 
as  an  indispensable  condition  for  the  commercial  success  of 
the  enterprise. 

(209.)  The  practical  results  of  the  various  projects  prove 
the  truth  of  his  predictions.  — Now  let  us  see  what  has  been 
the  practical  result. 

Eight  steam  ships,  including  the  Great  Wester7i,  were, 
soon  after  the  epoch  of  these  debates,  placed  upon  the  pro- 
jected line  between  England  and  New  York  ;  the  Sirius,  the 
Royal  William,  the  Great  Liverpool,  the  United  States*,  the 
British  Queen,  the  President,  the  Great  Western,  and  the 
Great  Britain. 

The  Sirius  was  almost  immediately  withdrawn  ;  the  Royal 
William,  after  a  couple  of  voyages,  shared  the  same  fate ; 
the  Great  Liverpool,  in  a  single  season,  involved  her  pro- 
prietors in  a  loss  of  6000/.,  and  they  were  glad  to  remove 
her  to  the  Mediterranean  station.  The  proprietors  of  the 
British  Queen,  after  sustaining  a  loss  which  is  estimated  at 
little  less  than  100,000/.,  sold  that  ship  to  the  Belgian  go- 
vernment. The  United  States  was  soon  transferred,  like  the 
Great  Liverpool,  to  the  Mediterranean  trade.  The  President 
was  lost.  The  Great  Western,  as  is  well  known,  after  con- 
tinuing for  some  time  to  make  the  voyage  in  the  summer 
months,  being  laid  by  during  the  winter,  and  after  involving 
her  proprietors  in  a  loss  of  unknown  and  unacknowledged 
amount,  was  sold.  Of  the  Great  Britain,  the  fate  is  well 
known, 

*  This  vessel  -was  not  actually  placed  on  the  line,  but  was  prepared 
for  it.     She  -was  afterwards  called  the  Oriental. 
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Thus  it  appears,  in  fine,  that  after  the  lapse  of  nearly  four- 
teen years,  notwithstanding  the  great  improvements  which 
took  place  in  steam  navigation,  the  project  advanced  at  Bristol 
and  there  pronounced  by  me  to  be  commercially  imprac- 
ticable, has  signally  failed. 

(210.)  The  Cunard  steamers  established  on  the  conditions 
suggested  by  Dr.  Lardner,  have  alone  been  successful.  — 
31eanwhile  another  project,  based  upon  the  conditions  which 
I  had  indicated  as  essential  to  the  permanence  and  success 
of  the  enterprise,  was  started. 

Mr.  Samuel  Cunard,  a  Canadian,  who  had  extensive  ex- 
perience in  maritime  affairs,  being  associated  with  some 
large  capitalists  who  had  confidence  in  his  sagacity  and  skill, 
laid  before  the  British  government  a  project  for  a  line  of 
Post-office  steamers,  to  ply  between  Liverpool  and  Boston, 
touching  at  Halifax.  But  Mr.  Cunard  insisted  strongly  on 
the  necessity  of  providing  a  considerable  fleet  of  steamers,  to 
ensure  that  permanence  and  regularity  which  were  indispens- 
able to  the  success  of  the  project.  He  demonstrated  that 
the  magnitude  of  the  capital  it  must  involve,  and  the  vast 
expenditure  attending  its  maintenance,  were  such  as  could  not 
be  covered  by  any  commercial  returns  to  be  expected  from 
it,  and  that,  consequently,  it  could  only  be  sustained  by  a 
liberal  subsidy  to  be  furnished  by  the  government.  After 
much  negotiation,  it  was  agreed  to  grant  him  an  annual 
subsidy  of  60,000/.,  upon  which  condition  the  enterprise  was 
commenced.  Mr.  Cunard,  however,  had  hardly  embarked  in 
it,  before  it  became  evident  that  this  grant  was  insufficient, 
and  it  was  soon  increased  to  100,000/.  per  annum.  Further 
experience  proved  that  even  this  was  insufficient  to  enable 
Cunard  and  his  associates  to  maintain  the  communication  in 
a  satisfactory  and  efficient  manner,  and  the  annual  subven- 
tion was  in  fine  raised  to  its  present  amount,  that  is  to  say, 
145,000/.  sterling  per  annum. 

(211.)  Voyages  of  these  steamers,  and  relative  amount  of 
their  subvention.  —  Thus  supported,  the  conmiunication  is 
now  (1851)  maintained  throughout  the  year.  During  the 
four  winter  months,  December,  January,  February,  and 
March,  there  are  two  departures  per  month  from  each  side, 
and  during  the  eight  other  months  of  the  year  there  is  a  de- 
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parture  once  a  week,  making  a  total  of  forty-four  departures 
from  each  side,  or  forty-four  voyages  going  and  returning. 

These  voyages  make  a  total  distance  sailed  of  272,800 
geographical  miles  within  the  year.  The  subsidy,  therefore, 
amounts  to  ten  shillings  and  eight  pence  per  mile  sailed. 

(212.)  Compelled  to  lower  their  fares  on  the  returning 
passage.  —  In  the  course  of  the  discussions  which  took  place 
in  1836-7,  I  showed  that  although  the  advantage  of  steamers 
over  the  sailing  vessels  in  the  outward  passage  must  be  con- 
siderable, and  such  as  would  probably  attract  a  large  propor- 
tion of  passengers  at  high  fares  ;  yet  that  on  the  returning 
passage  the  same  advantage  would  not  be  found,  for  that 
Avhile  the  average  outward  passage  of  a  sailing  vessel  was 
thirty-six  days,  the  average  liomeward  passage  was  less  than 
twenty.*  I  contended,  as  will  be  seen  by  reference  to  the 
journals  of  the  day,  that  steamers,  wherever  they  might  be 
established,  must,  on  the  return  passage,  lower  their  fares  to 
the  level  of  those  of  the  sailing  packets,  or  nearly  so.  This 
prediction,  like  the  others,  has  been  fulfilled  to  the  letter. 
Notwithstanding  the  confidence  inspired  by  the  Cunard 
steamers,  supplied  as  they  are  with  the  best  machinery, 
manned  and  oflScered  in  the  most  efficient  manner,  checked 
by  the  surveillance  of  the  British  government,  and  sur- 
rounded with  every  provision  and  precaution  which  can  in- 
spire confidence  of  their  safety  and  efficiency,  they  have, 
nevertheless,  been  compelled  on  the  return  passage  to  reduce 
their  fares.  While  the  passenger  fare  from  Liverpool  to 
Boston  is  thirty-five  pounds,  the  fare  on  the  returning  voyage 
is  only  twenty-four. 

(213.)  Force  of  the  Cunard  fleet. — The  following  was  the 
force  of  the  fleet  of  steamers  by  which  the  Cunard  Company 
maintained  the  service  above  mentioned  in  1850:  — 


*  In  consequence  of  the  westerly  winds,  which  prevail  in  the  northern 
latitudes  with  a  permanency  and  regularity  scarcely  less  than  that  of  the 
trades  near  the  Line. 
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Horse  Power. 

Tons. 

The  Arabia  (building) 

950 

. 

2500 

„     Persia  (building) 

950 

- 

2500 

„     Asia 

. 

800 

. 

2226 

„     Africa   - 

. 

800 

. 

2226 

„     America 

. 

650 

- 

1826 

„     Canada  - 

. 

650 

. 

1831 

„     Eoropa  - 

- 

650 

- 

1834 

„     Niagara 

- 

650 

- 

1824 

„     Cambria 

- 

- 

1423 

6100 

But,  besides  these,  there  are  some  subsidiary  lines  which 
require  to  be  mentioned. 

Thus  there  are  two  steamers,  the  Admiral  of  929  tons 
and  388  horse  power,  and  the  Commodore  of  8(X)  tons  and 
350  horse  power,  which  maintain  a  communication  between 
Liverpool  and  Havre ;  and  two  vessels,  the  Camilla  of  529 
tons  and  220  horse  power,  and  the  Lyra.,  543  tons  and  275 
horse  power,  which  maintain  a  communication  between  Liver- 
pool and  Glasgow.  The  Margaret,  also,  a  vessel  of  700  tons 
and  310  horse  power,  and  the  Laurel,  a  vessel  of  428  tons 
and  180  horse  power,  are  sometimes  employed  upon  these 
subsidiary  lines,  though,  commonly,  the  Margaret  plies  be- 
tween Liverpool  and  the  Mediterranean,  and  the  Laurel  plies 
between  Belfast  and  Glasgow. 

Thus  this  great  enterprise  is  now  (1851)  maintained  by 
a  fleet  of  steamers,  the  power  of  which  is  61(X)  horses  for  the 
main  line  and  1723  horses  for  the  feeding  and  subsidiary 
lines.  The  subsidy  which  the  enterprise  receives  from  the 
British  government  is,  therefore,  at  the  rate  of  nearly  24/.  per 
annum  per  horse  power  on  the  main  line,  and  about  18/.  per 
annum  per  horse  power  upon  the  whole  fleet,  feeders  and 
subsidiary  lines  inclusive. 

No  official  or  authorised  statement  has  been  published  of 
the  financial  condition  of  the  Cunard  Company.  Its  pro- 
prietors are  limited  in  number,  and  generally  to  large 
capitalists,  who  arrange  their  interests  in  private  meetings, 
the  results  of  which  are  not  made  public.  It  seems  probable, 
however,  that  the  enterprise  is  not  highly  profitable. 

It  is  certain  that  the  company  has  been  compelled  from 
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year  to  year  to  augment  its  capital,  either  to  cover  losses 
incurred,  or  to  give  such  increased  extension  to  the  enter- 
prise as  competition  forced  on  it. 

(214.)  Estimate  of  capital  absorbed  in  this  enterprise. — 
To  estimate  the  amount  of  the  capital,  let  the  value  of  the 
ships  be  taken,  in  round  numbers,  at  120/.  per  horse  power. 
Thus,  for  7823  horse  power  we  should  have  a  capital  of 
936,760/.  To  this  must  be  added  the  furniture,  plate,  &c. 
of  the  ships,  the  offices,  warehouses,  stations,  &c.  at  the 
severail  ports  with  which  they  communicate,  the  capital 
engrossed  by  which,  added  to  the  amount  just  stated,  will 
make  a  total  which  cannot  fall  short  of  1,500,000/. 

It  follows,  therefore,  that  this  company,  after  having  de- 
frayed its  current  expenses,  must  have  a  balance  of  about 
375,000/.  before  it  can  begin  to  enjoy  any  net  profit,  for 
it  has  resulted  from  the  general  experience  in  England,  both  % 
by  government  and  by  commercial  companies,  that  besides   \ 
the  current  expenses  of  working  a  line  of  steamers,  it  is  J| 
necessary  to  carry  yearly  to  the  account  of  the  capital,  to   j; 
cover  interest,  sinking  fund,  insurance,  &c.,  a  sum  equal  to 
twenty-five  per  cent,  of  the  total  capital  involved. 

(215.)  Subventions  allowed  to  other  lines  of  steamers. — 
Soon  after  the  Cunard  line  of  steamers  commenced  opera- 
tions, it  was  proposed  to  establish,  with  government  support, 
a  transatlantic  line  of  steamers  communicating  between 
Great  Britain  and  its  West  India  colonies.  Ultimately  the 
present  West  India  Steam  Packet  Company  was  established, 
and  obtained  from  the  government  a  subvention  greater  still 
in  amount  than  had  been  granted  to  the  Cunard  Company. 
The  amount  of  this  annual  grant  at  present  is  240,000/. 

In  fine,  all  the  commercial  enterprises  for  the  establish- 
ment of  lines  of  steamers,  w^here  the  voyages  are  of  any  con- 
siderable length,  have  been  and  are  sustained  more  or  less  by 
government  grants,  and  these  grants  are  proportionally  great 
as  the  length  of  the  voyage  is  increased,  as  will  appear  by 
the  following  statement  of  the  sums  paid  annually  to  the  six 
principal  steam  navigation  companies  which  have  undertaken 
such  voyages :  — 
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The  Cunard  Company 

. 

£ 
-     145,000 

„     West  India  Company  - 

- 

-     240,000 

„     Pacific  Company 

- 

40,000 

„     Cape  Screw  Steam  Ship  Company 

- 

-       30,000 

„     Peninsolar  and  Oriental  Company 

- 

-     219,835 

„     East  India  Company,  for  the  line  between  Suez 

and  Bombay 

-       50,000 

:?  724.835 

It  appears,  therefore,  that  the  opinion  which  I  expressed 
publicly  in  1837,  that  in  the  then  existing  state  of  the  art  of 
steam  navigation,  voyages  of  any  considerable  length  could 
not  be  maintained  with  regularity  and  certainty  by  any  com- 
mercial revenue  which  could  be  expected  to  result  from  them, 
and  that  it  was  only  by  government  grants  that  their  perma- 
nence and  regularity  could  be  secured,  has  not  only  been 
realised  by  subsequent  experience,  but  that  the  same  judg- 
ment may  be  applied  to  the  present  time,  notwithstanding 
the  great  improvements  which  steam  navigation  has  under- 
gone in  the  fourteen  years  which  have  elapsed  since  that 
opinion  was  delivered.  There  does  not  exist  at  present  a 
single  line  of  steam  communication  of  any  considerable  length, 
in  any  quarter  of  the  globe,  which  is  maintained  by  its  com- 
mercial returns  independently  of  Government  support. 

(216.)  American  lines — Subventions  allowed  them. — Some 
attempts  have  been  and  are  still  made  by  projectors,  in  the 
United  States,  to  establish  lines  of  steamers  between  New 
York  and  the  several  parts  of  Europe. 

The  first  attempt  of  this  kind  was  made  by  a  company 
called  the  Ocean  Steam  Navigation  Company,  which  under- 
took to  establish  a  communication  monthly,  between  New 
York,  Southampton,  and  Bremen.  Three  steam  ships,  the 
United  States,  the  Washington,  and  the  Hermaim,  were 
intended  for  this  line,  and  a  subsidy  of  two  hundred  thou- 
sand dollars  per  annum,  which  is  equivalent  to  about 
40,000/.,  being  at  the  rate  of  about  nine  shillings  a  mile,  was 
expected  to  render  the  undertaking  profitable.  The  enter- 
prise, however,  was  not  successful.  One  of  the  vessels 
destined   for  it  was  sold  tp  tlxe  Germanic  Confederation, 
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and  the  other  two  continued  occasionally,  and  at  irregular 
intervals,  to  run  between  Southampton  and  New  York. 

(217.)  Lines  between  Southampton,  Havre,  and  New 
York.  —  Another  project  was  started  which  may  be  regarded 
as  entering  into  indirect  competition  with  the  Cunard 
steamers.  It  was  proposed  to  establish  a  line  of  steamers 
between  Havre  and  New  York.  This  line  was  to  consist  of 
four  ships,  to  run  monthly  from  each  port.  The  steam  ship 
Franklin  made  a  trial  trip  from  New  York  to  Havre,  with  a 
view  to  induce  French  capitalists  to  take  a  share  in  the 
enterprise,  and  to  persuade  the  French  government  to  subsi- 
dize it.  The  republican  authorities,  and  leading  members  of 
the  Assembly,  accepted  an  invitation  to  a  banquet  on  board 
the  steamer,  but  there  the  matter  ended. 

At  the  time  we  write  (June,  1851),  an  announcement 
appears  in  the  journals  of  the  recommencement  of  the 
Southampton  and  New  York  line,  by  means  of  the  coalition 
of  the  Ocean  Steam  Navigation  Company  with  the  New 
York  and  Havre  Company,  the  former  supplying  their  two 
remaining  ships,  the  Washington  and  the  Hermann  ;  and  the 
latter,  two  of  the  four  ships  which  had  been  intended  for  the 
Havre  line,  the  Franklin  and  the  Humboldt.  "With  these 
four  vessels,  it  is  proposed  to  start  twice  a  month  from  each 
port.  As,  however,  this  enterprise  is  only  just  about  to 
commence,  we  can  say  nothing  as  to  its  success. 

(218.)  Collins  line.  —  Another  attempt  at  competition 
with  the  Cunard  line  is  now  in  progress,  under  the  auspices 
of  Mr.  Collins,  an  enterprising  merchant  of  New  York,  who 
has  formed  a  company  supported  by  eminent  capitalists.  The 
United  States'  government  has  come  to  the  support  of  this 
enterprise  by  contributing  largely  to  the  capital,  and  by 
voting  a  subvention  of  385,000  dollars,  or  about  81,000/., 
being  at  the  rate  of  about  fourteen  shillings  per  mile  sailed  ; 
a  subvention  twenty-five  per  cent,  greater  than  that  allowed 
by  the  English  government  to  the  Cunard  Company.  Thus 
supported,  five  steam  ships,  the  Pacific,  the  Atlantic,  the 
Baltic,  the  Arctic,  and  the  Adriatic,  of  3000  tons  measured 
capacity,  and  800  horse  power,  were  constructed  and  were 
placed  on  the  line  in  April,  1850. 

Much  controversy  took  place  in  the  journals  on  both  sides 
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*df  the  Atlantic,  on  the  comparative  performances  of  the 
Cunard  and  Collins  lines.  Without  entering  into  the  merits 
of  this  question,  it  may  be  admitted  that,  in  point  of  expe- 
dition, not  much  difference  is  observable  between  them  ;  but, 
in  point  of  regularity  and  security,  it  cannot  be  denied  that 
all  the  advantage  remained  with  the  Cunard  line.  The 
American  company  commenced  the  undertaking  with  an  in- 
sufficient supply  of  vessels.  Although  its  fleet  consisted 
nominally  of  five  ships,  one  of  them,  the  Adriatic,  was  not 
placed  on  the  line.  To  make  two  voyages  per  month  with 
four  vessels,  rendered  it  necessary  that  each  should  be 
so  incessantly  worked  as  to  leave  insufficient  time  for  the 
repairs,  cleaning,  &c.  in  port  after  each  passage,  and  the 
consequence  has  been  that  the  regularity  of  the  communi- 
cation sustained  an  interruption.  The  Atlantic  encountered 
a  disaster  in  one  of  her  late  passages  outwards,  which 
obliged  her  to  return  to  Cork  Harbour,  from  whence  her 
passengers  and  mails  were  brought  to  New  York  by  one  of 
the  Cunard  vessels. 

Notwithstanding  the  subvention  allowed  by  Congress  to 
the  Collins  Company,  it  has  been  found  insufficient,  and  an 
application  has  lately  been  made  for  an  augmentation  of  it. 

(219.)  Probable  extension  of  steam  ships  to  the  general 
purposes  of  commerce.  —  Great  as  the  progress  of  steam 
navigation  has  been  within  the  last  quarter  of  a  century, 
much  still  remains  to  be  accomplished  before  that  vast  agent 
of  transport  can  be  regarded  as  having  been  pushed  to  the 
limit  of  its  powers.  Its  superior  speed,  regularity,  and  cer- 
tainty, comparatively  with  sailing  vessels,  have  naturally 
first  attracted  to  it  passengers,  despatches,  and  certain  de- 
scriptions of  merchandise  to  which  expedition  is  important 
and  which  can  bear  a  high  rate  of  freight.  The  mechanical 
conditions  which  ensure  expedition  in  long  voyages,  exclude, 
to  a  great  extent,  the  transport  of  general  merchandise ;  for 
a  large  part  of  the  tonnage  of  the  vessel  is  occupied  by  the 
machinery  and  fueh  The  heavy  expenses,  therefore,  of  the 
construction  and  maintenance  of  these  vessels,  must  be  de- 
frayed by  appropriating  the  profitable  tonnage  to  those  ob- 
jects of  transport  alone  which  will  bring  the  highest  rate  of 
freight.    While  the  steamer,  therefore,  has  allured  from  the 
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sailing  vessel  the  chief  part  of  the  passenger  traffic,  the  mails 
altogether,  parcels,  and  some  few  objects  of  general  traffic, 
the  latter  still  continues  in  undisturbed  possession  of  the 
transport  business  of  general  commerce. 

The  next  step  in  the  improvement  of  the  art  must  there- 
fore be  directed  to  the  construction  of  another  class  of  steam 
vessels,  which  shall  bear  to  the  present  steam  ships  the  same 
relation  which  the  goods  trains,  on  the  railway,  bear  to  the 
passenger  trains.  As  in  the  case  of  these  goods  trains,  ex- 
pedition must  be  sacrificed  to  reduce  the  cost  of  transport  to 
the  limit  which  shall  enable  the  merchandise  to  bear  the 
freight.  If  the  steamer  for  the  general  purposes  of  com- 
merce can  be  made  to  exceed  the  sailing  vessel,  in  any  thing 
approaching  to  the  ratio  by  which  the  goods  train  on  the 
railway  exceeds  the  waggon  or  canal  boat,  we  shall  soon  see 
the  ocean  covered  with  such  steamers,  and  the  sailing  vessel 
will  pass  from  the  hands  of  the  merchant  to  those  of  the 
historian. 

(220.)  Auxiliary  steam  potver  the  most  jyrob able  means  of 
accomplishing  this. — To  render  steamers  capable  of  attaining 
these  ends,  it  will  be  evidently  advisable  to  adopt  measures 
to  combine  the  qualities  of  a  sailing  vessel  with  those  of  a 
steamer.  The  ships  must  possess  such  steaming  power  as  may 
give  them  that  increased  expedition,  regularity,  and  punctu- 
ality, which,  in  the  existing  state  of  the  arts,  can  only  be 
obtained  through  that  agency ;  but  it  is  also  important  that 
they  accomplish  this  without  robbing  them,  to  any  injurious 
extent,  of  their  present  capability  of  satisfying  the  wants  of 
commerce. 

No  expedient  appears  to  me  so  likely  to  accomplish  this,  in 
the  present  condition  of  the  art,  as  one  which  would  have  for 
its  object  the  removal  of  the  paddle  wheels  now  generally 
used,  and  the  substitution  of  some  description  of  subaqueous 
propeller.  A  great  reduction  in  the  dimensions  of  the  ma- 
chinery, and  the  surrender  to  the  uses  of  commerce  of  that 
invaluable  space  which  it  now  occupies  within  the  vessel,  are 
also  essential.  It  is  incumbent  on  the  engineer  who  assumes 
the  high  responsibility  of  the  superintendence  of  such  a  pro- 
ject, to  leave  the  ship  in  the  full  and  unimpaired  enjoyment 
of  its  functions  as  a  sailing  vessel.     Let  him  combine,  in 
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r  short,  the  agency  of  steam  with  the  undiminished  nautical 
power  of  the  ship.  Let  him  celebrate  the  marriage  of  the 
steam  engine  with  the  sailing  vessel.  If  he  accomplish  this 
with  the  skill  and  success  of  which  the  project  is  susceptible, 
he  may  fairly  hope  that  his  name  will  go  down  to  posterity 
as  a  benefactor  of  mankind,  united  with  those  of  Fulton  and 
Watt. 

The  actual  progress  of  mechanical  science  encourages  us 
to  hope  that  the  day  is  fast  approaching  when  such  ideas  will 
be  realised  —  when  we  shall  behold  a  great  highway  cut 
across  the  wide  Atlantic,  not  as  now,  subserving  to  those 
limited  ends,  the  attainment  of  which  will  bear  a  high  ex- 
pense, but  answering  all  the  vast  and  varied  demands  of 
general  commerce.  Ships  which  would  serve  the  purposes  we 
have  here  shadowed  out  can  never  compete  in  mere  speed 
with  vessels  in  which  cargo  is  nothing,  expense  disregarded, 
and -expedition  everything.  Be  it  so.  Leave  to  such  vessels 
their  proper  functions ;  let  them  still  enjoy  to  some  extent 
the  monopoly  of  the  most  costly  branches  of  traffic,  subsidized 
as  they  are  by  the  British  treasury.  Let  the  commercial 
steam  ships,  securing  equal  regularity  and  punctuality,  and 
probably  more  frequent  despatch,  be  content  with  somewhat 
less  expedition.  This  is  consistent  with  all  the  analogies  of 
commerce. 

There  is  another  consideration  which  ought  not  to  be 
omitted.  In  all  great  advances  in  the  arts  of  life,  extensive 
improvements  are  at  first  attended  with  individual  loss  of 
greater  or  less  amount.  The  displacement  of  capital  is  al- 
most inevitably  attended  with  this  disadvantage.  It  is  the 
duty,  therefore,  of  the  scientific  engineer,  in  the  arrangement 
and  adoption  of  his  measures,  to  consider  how  these  objects 
may  be  best  attained  with  the  least  possible  injury  to  ex- 
isting interests.  To  accomplish  this  will  not  only  be  a 
benefit  to  the  public,  but  will  materially  facilitate  the  realisa- 
tion of  his  own  objects,  by  conciliating  in  their  favour  those 
large  and  powerful  interests  whose  destruction  would  be 
otherwise  menaced  by  them.  If,  then,  in  the  present  case,  it 
is  found  practicable  with  advantage  to  introduce  into  the 
present  sailing  ships,  more  especially  into  those  most  recently 
constructed,  the  agency  of  steam,  a  very  important  advantage 
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will  be  gained  for  the  public,  and  the  almost  unanimous  sup- 
port and  countenance  of  the  commercial  community  will  be 
secured. 

(221.)  Subaqueous  propellers  necessary.  —  To  attain  the 
objects  here  developed,  it  will  be  evidently  indispensable  to 
remove  those  impediments  which  at  once  disfigure  the  ap- 
pearance and  destroy  the  efficiency  of  the  sailing  qualities  of 
the  ship  by  the  enormous  and  unsightly  excrescences  project- 
ing from  the  sides  in  the  shape  of  paddle  wheels  and  the 
wheel  houses  or  paddle  boxes,  as  they  are  called.  These 
appendages  are  attended  with  many  evils,  the  least  of  which 
is  perhaps  the  impediment  which  they  present  to  the  progress 
of  the  ship. 

But  the  form,  magnitude,  and  position  of  the  propelling 
machinery,  is  far  from  being  the  only  obstacle  to  the  full 
success  of  the  present  steam  vessels  when  directed  to  the 
general  purposes  of  commerce.  The  engines  themselves, 
and  the  boilers,  from  which  the  moving  power  proceeds,  and 
the  fuel  by  which  they  are  worked,  occupy  the  very  centre 
of  the  vessel,  and  engross  the  most  valuable  part  of  the 
tonnage.  The  chimney,  which  gives  efficacy  to  the  furnaces, 
is  also  an  unsightly  excrescence,  and  no  inconsiderable  ob- 
struction. 

"When  long  ocean-voyages  are  contemplated,  such  as 
those  between  New  York  and  the  ports  of  England,  there  is 
another  serious  obstacle,  which  is  especially  felt  in  the  west- 
ward trip,  because  of  the  prevalence  of  adverse  winds. 
"When  the  vessel  starts  on  its  long  voyage,  it  is  necessarily 
laden  with  a  large  stock  of  fuel,  which  is  calculated  to  meet, 
not  merely  the  average  exigencies  of  the  voyage,  but  the  ut- 
most extremity  of  adverse  circumstances  of  wind  and  weather 
to  which  it  can  by  possibility  be  exposed.  This  fuel  is 
gradually  consumed  upon  the  voyage ;  the  vessel  is  pi'o- 
portionally  lightened,  and  its  immersion  diminished.  If  its 
trim  be  so  regulated  that  the  immersion  of  its  wheels  at 
starting  be  such  as  to  give  them  complete  efficiency,  they 
may,  before  the  end  of  the  voyage,  be  almost  if  not  altogether 
raised  out  of  the  water.  If,  on  the  other  hand,  the  efficiency 
of  propulsion  in  the  latter  part  of  the  voyage  be  aimed  at, 
they  must  have  such  a  depth  at  its  commencement  as  to  im- 


WAR  STEA]SIERS.  311 

I  pair  in  a  serious  degree  their  propelling  effect,  and  to  rob 
!  the  vessel  of  its  proper  speed.  Under  such  circumstances, 
I  there  is  no  expedient  left  but  compromise.  The  vessel 
must  start  with  too  great  and  arrive  with  too  little  im- 
mersion. There  is  no  alternative,  save  to  abandon  altogether 
the  form  and  structure  of  the  present  machinery,  and  to 
awaken  the  inventive  genius  of  the  age  to  supply  other 
mechanical  expedients  which  shall  not  be  obnoxious  to  these 
objections. 

In  fine,  then,  we  look  to  the  improvement  of  auxiliary 
steam  power,  and  the  extended  use  of  submerged  propellers, 
such  as  those  invented  by  Captain  Ericsson,  or  the  screw, 
as  the  means  which,  in  the  existing  state  of  the  art  of  steam 
navigation,  are  most  likely  to  extend  the  benefits  of  that 
agent  of  transport  to  general  commerce.  In  long  voyages, 
steam  power  need  only  be  used  in  calms  or  against  unfavour- 
able winds.  The  vessel  deriving  such  aid  from  steam  will 
gain  sufl5cient  advantage  over  sailing  vessels  to  secure  a 
preference  for  freight,  and  the  machinery  and  fuel  will  be 
so  reduced  in  bulk  as  to  encroach  on  the  tonnage  of  the  ship 
to  no  very  injurious  extent. 

(222.)  Improved  adaptation  of  steam  power  to  vessels  of 
war  required.  —  K  the  present  form  and  structure  of  steam 
vessels  be  obnoxious  to  these  many  serious  objections  when 
considered  with  reference  to  the  purposes  of  general  com- 
merce, they  are  still  more  objectionable  when  considered 
with  reference  to  the  purposes  of  national  defence.  It  is  un- 
doubtedly a  great  power  with  which  to  invest  a  vessel-of- 
war,  to  be  able  to  proceed  at  will,  in  spite  of  the  opposition 
of  wind  or  tide,  in  any  direction  which  may  seem  most  fit 
to  its  commander.  Such  a  power  would  have  surpassed  the 
wildest  dreams  of  the  most  romantic  and  imaginative  naval 
commander  of  the  last  century.  To  confer  upon  the  vessels 
of  a  fleet  the  power  immediately,  at  the  bidding  of  the 
commander,  to  take  any  position  that  may  be  assigned  to 
them  relatively  to  the  enemy,  or  to  run  in  and  out  of  a  hostile 
port  at  pleasure,  or  fly  with  the  rapidity  of  the  wind  past 
'''  the  guns  of  formidable  forts  before  giving  them  time  to  take 
effect  upon  them  —  are  capabilities  which  must  totally  revo- 
lutionise all  the  established  principles  of  naval  tactics.     But 
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these  powers  at  present  are  not  conferred  upon  steam  ships 
without  important  qualifications  and  serious  drawbacks.  The 
instruments  and  machinery  from  which  they  are  immediately 
derived  are,  unfortunately,  exposed  in  such  a  manner  as  to 
render  the  exercise  of  the  powex's  themselves  hazardous  in 
the  extreme.  It  needs  no  profound  engineering  knowledge 
to  perceive  that  the  paddle  wheels  are  eminently  exposed  to 
shot,  which,  taking  effect,  would  altogether  disable  the  vessel, 
and  leave  her  at  the  mercy  of  the  enemy ;  and  the  chimney 
is  even  more  exposed,  the  destruction  of  which  would  render 
the  vessel  a  prey  to  the  enemy  within  itself  in  the  shape  of 
fire.  But  besides  these  most  obvious  sources  of  exposure  in 
vessels  of  the  present  form  intended  as  a  national  defence, 
the  engines  and  boilers  themselves,  being  more  or  less  above 
the  water-line,  are  exposed  so  as  to  be  liable  to  be  disabled 
by  shot. 

A  war  steamer,  to  be  free  from  these  objections,  should  be 
propelled  by  subaqueous  apparatus.  Her  engines,  boilers, 
and  all  other  parts  of  her  machinery  should  be  below  trie 
water-line.  Her  fuel  should  be  hard  coal,  burning  without 
visible  smoke,  so  that  her  approach  may  not  be  discoverable 
from  a  distance.  Her  furnaces  might  be  worked  by  blowers, 
so  that  the  chimney  might  be  dispensed  with,  and  thus  its 
liability  to  be  carried  away  by  shot  removed. 

(223.)  Mercantile  steam  navy  available  for  national  de- 
fences.—  The  policy  of  the  British  government  has  been  to 
rely  on  the  commercial   steam  navy  as  a  means  of  national 
defence  in  the  event  of  the  sudden  outbreak  of  war.     By  the 
evidence  given  before  a  committee  of  the  House  of  Commons 
in  1850,  and  the  report  founded  thereupon,  it  appeared  that  | 
commercial  steamers  in  general  are  capable  of  war  service,  i 
with  no  other  previous  alteration  or  preparation  than  such  as 
are  easily  practicable  and  expeditiously  executed.     It  was  j 
shown  that  all  steamers  of  400  tons  and  upwards  would  be  \ 
capable,  with  some  additional  strengthening,  to  carry  such 
pivot  guns  as  are  used  in  war  steamers,  and  that  there  are  ■ 
few  mercantile  steamers  of  any  size  which  might  not  carry  : 
an  armament  such  as  would  render  them  useful  in  case  of  an 
emergency. 

(224.)  Number,  power,  and  tonnage   of  the  commercial  ^ 

\ 
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'Heam  marine. — By  a  return  contained  in  the  same  report, 
it  appeared  that  on  the  1st  of  Jamuary,  1849,  the  number  of 
commercial  steamers  registered  was  1110,  consisting  of  the 
following,  classed  according  to  their  tonnage:  — 


Under  101  tons 

. 

. 

. 

-  529 

From  101  to  250  tons  inclos 

ive 

. 

-  272 

„  251  „  400 

« 

. 

. 

-  136 

„  401  „  600 

„ 

- 

- 

-   71 

„  601  „  1000 

»» 

- 

. 

-   67 

Above  1000  - 

. 

. 

35 

Total 1110 

The  total  power  of  these  vessels  was  estimated  at  92,862 
horses,  and  the  total  tonnage  was  255,371  tons. 

There  were  ten  vessels  of  the  largest  class  then  in  process 
of  construction,  and  which  (besides  others)  have  since  been 
completed.  We  shall,  therefore,  not  overrate  the  number, 
power,  and  tonnage  of  the  present  commercial  steam  navy 
if  we  estimate  it  at  1150  vessels,  having  the  total  power  of 
110,000  horses,  and  the  total  tonnage  of  275,000  tons. 


PART  III. 

ROADS    AND    RAIL^VAYS. 


CHAPTER  I. 

COMMON     ROADS. 

(225.)   What  is  a  road.  —  A  road  is  a  path  carried  over 
the  surface  of  the  ground,  artificially  constructed,  so  as  to^ 
facilitate  the  movement  of  travellers  and  beasts  of  burden,  but  .^ 
more  especially  of  wheel  carriages,  from  place  to  place.  ^ 

(226.)  Necessary   qualities   of  a   road  —  Resistances   to^^ 
motion. — To  comprehend  the  qualities  which  ought  to  be 
imparted  to  such  a  surface,  it  is  necessary  in  the  first  instance 
to  inquire  into  the  obstructions  which  resist  the  movement  of 
carriages. 

(227.)  Uneven  surfaces.  —  It  is  obvious  that  the  first  and 
principal  of  these  arises  from  the  asperities  of  the  ground  ou 
which  the  carriage  moves.  A  rut  into  which  it  would  sink, 
or  an  obstacle  which  it  has  to  surmount,  produces  a  momen- 
tary resistance ;  and  the  continual  repetition  of  such  ruts  or 
such  obstacles  produces  a  constantly  acting  resistance  to  the 
power  of  traction.  It  is  clear,  therefore,  tliat  the  first  quality 
necessary  to  be  imparted  to  a  road  is  evenness  of  surface. 

(228.)  Acclivities. — When  an  animal  has  to  mount,  and 
still  more,  when  it  has  to  draw  a  carriage  up  an  acclivity,  it 
must  encounter,  besides  the  resistance  which  would  proceed 
from  the  asperities  of  the  surface,  another  arising  from  the 
weight  of  the  carriage  which  must  be  raised  through  the 
height  by  which  the  road  ascends.  Thus,  if  in  an  acclivity 
of  one  mile  in  length  the  summit  be  20  feet  above  the  foot, 
the  tractive  power  must  exert  a  force  in  surmounting  such 
an  ascent  equal  to  that  which  would  have  been  necessary  to 
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Mift  the  entire  weight  drawn,  including  the  carriage,  through 
20  perpendicular  feet. 

Acclivities,  therefore,  are  another  cause  of  resistance  to 
the  power  of  traction,  and  consequently  to  remove  them  the 
road  must  be  rendered  level,  or  as  nearly  so  as  possible. 

(229.)  Softness  causes  resistance.  —  If  the  surface  on  which 
a  carriage  is  drawn  be  soft,  so  that  the  weight  of  the  load 
will  cause  the  wheels  to  sink,  the  progressive  motion  of  the 
carriage  will  be  resisted  in  nearly  the  same  manner  as  it 
would  be  by  a  constant  effort  to  draw  it  out  of  a  rut  or  hollow 
equal  in  depth  to  the  depression  of  the  road  under  the  wheel. 
Even  though  the  material  of  the  road  surface  should  have 
sufficient  elasticity  to  recover  its  form  after  such  depression, 
the  carriage  will,  nevertheless,  suffer  the  same  resistance  to 
progressive  motion  in  consequence  of  such  depression  under 
the  wheel. 

The  road  surface,  therefore,  ought  to  be  sufficiently  hard 
and  unyielding  to  prevent  the  wheels  from  sinking  in  it  or 
changing  its  form. 

It  appears,  therefore,  that  a  road  will  offer  a  diminished 
resistance  to  the  tractive  power  in  proportion  as  it  can  be 
rendered  smooth,  level,  and  hard. 

(230.)  Curved  direction  produces  resistance.  —  But  even 
though  these  three  qualities  were  imparted  to  a  road  in  the 
highest  degree  of  perfection,  another  cause  of  resistance 
might  arise  from  the  absence  of  straightness.  Every 
moving  body  whatever,  according  to  an  invariable  law  of 
nature,  when  put  in  motion,  has  a  tendency  to  continue  to 
move  in  the  same  direction.  When  it  is  necessary  to  chano^e 
its  direction,  an  adequate  force  must  be  applied ;  and  if  the 
change  of  direction  be  continued,  as  would  be  the  case  when 
the  road  has  a  curve  or  bend,  then  a  continual  resistance 
would  be  produced,  and  a  continual  moving  force  would  be 
required :  straightness,  therefore,  is  the  fourth  requisite  for 
a  perfect  road. 

(231.)^  perfect  road  should  be  smooth,  level,  hard,  and 
straight.  —  Were  it  possible  to  construct  a  road  between 
two  places,  absolutely  smooth,  absolutely  level,  absolutely 
hard,  and  absolutely  straight,  then  a  carriage  put  in  motion 
from  one  end  of  this  road  would  move  to  the  other  end 
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without  any  tractive  force  at  all,  except  so  far  as  the  resist- 
ance of  the  atmosphere  would  require  it. 

(232.)  Art  approximates  to  these  conditions.  —  But  it  is 
needless  to  say  that  this  limit  of  perfection  is  one  which,  in 
practice,  can  never  be  attained.  It  is,  however,  the  limit  to 
which  art  continually  endeavours  to  approach. 

The  materials  of  which  roads  are  formed  are  two-fold, 
stone  and  iron,  producing  those  great  means  of  transport 
denominated  common  roads  and  railways.  We  shall  con- 
sider each  of  these  successively,  and,  for  the  present,  shall 
confine  our  attention  to  the  former. 

(233.)  Means  of  approximating  to  a  level  road.  —  To 
render  a  road  perfectly  level,  it  would  be  necessary  to  cut 
down  the  elevations  of  the  ground  encountered  along  the 
line  to  the  proposed  level,  and  to  fill  up  in  the  same  manner 
all  vallies  which  are  below  the  proposed  level. 

(234.)  Cuttings.  —  The  science  of  engineering  supplies 
various  expedients  for  the  attainment  of  these  ends.  Ele- 
vations are  removed  by  cuttings,  a  name  given  to  excavation's 
made  forming  a  sort  of  artificial  vallies  with  sloping  sides, 
along  the  bottom  of  which  the  road  is  carried.  Such  exca- 
vations may  be  rendered  impracticable  or  inexpedient  from, 
several  causes. 

The  elevation  may  be  so  great  as  that  the  quantity  of 
earth  to  be  removed  would  render  the  work  too  costly;  or  no 
means  may  be  found  of  disposing  of  the  earth  so  removed  ; 
or,  finally,  the  strata  through  which  the  cutting  would  have 
to  be  made,  may  be  of  such  a  material  as  to  render  the 
expense  of  the  work  unadvisable. 

(235.)  Tunnels. — In  all  these  cases  the  object  may  be 
attained  by  another  expedient.  The  hill  or  elevation  may 
be  bored  tlu-ough  in  a  horizontal  direction  at  the  required 
level,  and  a  tunnel  may  be  constructed.  The  roof  of  this, 
if  the  strata  require  it,  is  lined  with  masonry,  and  on  the 
base  of  it  the  road  is  constructed. 

(236.)  Embankments. — If  the  road  is  to  be  carried  across 
a  valley  at  higher  elevation  than  the  natural  level  of  the 
ground,  an  ejirankment  is  formed,  on  the  summit  of  which 
the  road  is  constructed :  this  embankment  is  usually  formed 
pf  the  earth  which  is  taken  from  the  nearest  cutting.     Its 
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sides,  like  those  of  the  cuttings,  are  made  in  a  sloping  direc- 
tion, the  acclivity  of  the  slope  depending  on  the  material 
of  which  the  embankment  is  formed,  different  materials 
being  capable  of  standing  at  greater  or  less  slopes. 

(237.)  Relation  beficeen  the  cuttings  and  embankments. — 
Thus  it  appears  that  the  cuttings  and  embankments  should 
be  more  or  less  accommodated  to  each  other,  the  one  sup- 
plying convenient  means  of  disposing  of  the  materials  taken 
from  the  other. 

(238.)  Spoil-banks  and  side-cuttings. — When  the  cuttings 
supply  more  earth  than  is  required  by  the  embankments,  it 
is  customary  to  dispose  of  it  in  what  are  called  spoil-banks, 
which  are  artificial  mounds  of  earth  formed  in  convenient 
places  by  disposing  there  the  superfluity  of  the  earth  pro- 
duced from  the  cuttings.  When  the  embankments  require 
more  materials  than  are  supplied  by  the  cuttings,  these  mate- 
rials are  easily  obtained  from  what  are  called  side  cuttings, 
which  are  excavations  made  in  the  ground,  which  lies  im- 
mediately beside  the  proposed  embankment. 

It  is  evidently  a  part  of  the  skill  of  the  engineer,  in  laying 
out  the  line  of  road,  to  accommodate  the  cuttings  and  em- 
bankments to  each  other  as  nearly  as  possible,  so  that  there 
shall  be  as  little  of  spoil-banks  on  the  one  hand,  or  side 
cuttings  on  the  other,  as  possible,  such  works  having  no 
direct  connexion  with  the  construction  of  the  road. 

(239.)  Viaducts.  —  When  an  embankment,  by  reason  of 
its  height,  or  length,  or  other  cause,  l>ecomes  impracticable, 
or  objectionably  expensive,  the  road  may  be  carried  along 
the  required  level  by  means  of  a  viaduct,  which  is  a  bridge 
supported  on  arches  built  with  stone,  or  constructed  of  wood 
or  iron,  in  the  same  manner  as  ordinary  bridges. 

An  embankment,  if  formed  of  materials  requiring  gentle 
slopes,  absorbs  a  considerable  quantity  of  ground.  In  places 
where  ground  is  expensive,  this  would  become  so  objection- 
able, that  a  viaduct,  however  extensive,  is  preferable.  A 
well-known  instance  of  this  is  presented  in  the  cases  of  the 
Greenwich  and  Blackwall  Railways.  In  America,  where 
timber  is  cheap  and  abundant,  the  viaducts  are  usually  con- 
structed of  that  material. 

It  is  evident  that  by  these  and  like  expedients  the  en- 
p  3 
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gineer  can  bring  a  line  of  road  as  near  to  an  absolute  level 
as  may  be  desired ;  but  this,  being  attended  with  an  expense 
proportionate  to  the  number  and  magnitude  of  the  works  of 
art  necessary  for  the  purpose,  can  only  be  attempted  in 
cases  where  a  proportionate  traffic  will  justify  the  expense. 
In  general,  it  is  necessary  to  admit  moi'e  or  less  inequalities 
of  level,  so  as  to  moderate  the  cost  of  the  road,  and  bring  it 
within  expedient  limits. 

(240.)  Question  of  the  compensating  property  of  an  un- 
dulating road  discussed. — It  has  been  adopted  as  a  principle 
by  some  road  engineers,  that  a  road  undulating  with  accli- 
vities, not  exceeding  a  certain  limit  in  steepness,  is  on  the; 
whole  more  easily  worked  by  animal  power  than  one  which 
is  constructed  at  a  uniform  dead  level.  It  is  contended  that 
the  varying  resistance  on  such  a  road  is  favourable  to  the 
action  of  the  animal  power,  that  in  ascending  the  acclivities 
a  greater  degree  of  force  is  required,  and  a  certain  set  of 
muscles  brought  into  play  ;  that,  in  descending  them,  tht^. 
animal  is  in  comparative  repose,  and  that  other  muscles  are 
in  action ;  that,  in  short,  there  is  to  a  certain  degree  aa 
alternate  state  of  labour  and  comparative  rest  for  the  animal, 
which  is  more  agreeable  to  its  habits  and  organisation  than 
Avould  be  one  uniform  state  of  muscular  action,  which  would: 
necessarily  be  required  by  a  road  constructed  upon  a  dead 
level.  This  principle  was  maintained  by  Marshall,  AValker, 
Paterson,  and  Telford,  all  eminent  road  engineers.  Some  of  | 
them  went  so  far  as  to  say  that  it  would  not  be  advisable,^ 
even  though  the  country  were  naturally  level,  to  construct  a.^ 
line  of  road  for  a  single  mile  upon  a  dead  level.  Paterson 
affirms  that  it  is  a  fact  well  known  to  most  persons,  and 
familiar  to  the  experience  of  coachmen  and  waggoners,  that 
where  a  horse,  drawing  a  load  over  a  long  stretch  of  road 
quite  level,  will  be  exhausted  with  fatigue,  the  same  length 
of  road  undulating  with  gentle  acclivities  and  declivities 
alternately,  will  not  fatigue  the  animal  so  much. 

"  On  a  road  absolutely  level  (he  says),  the  draught  is 
always  the  same,  without  any  relaxation  ;  but  on  a  gentle 
ascent  one  of  the  powers  of  the  animal  is  called  into  exercise, 
and  in  the  descent,  another  of  his  powers  is  called  into 
action,  and  he  rests  from  the  exercise  of  the  former :  thus 
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are  his  different  muscular  powers  moderately  exercised  one 
after  another,  and  this  variety  has  not  the  same  tendency  to 
fatigue." 

This  theory,  however,  is  by  no  means  received  without  dis- 
sent.   Several  of  the  most  scientific  road  engineers,  and  among 
others  Mr.  Stevenson,  maintain,  in  opposition  to  it,  that  a 
perfectly  level  and  straight  road,  when  it  can  be  obtained,  is 
decidedly  the  best.   In  his  report  on  the  Edinburgh  Railway, 
Mr.  Stevenson  says,  "  In  an  uphill  draught,  a  carriage  may 
be  considered  as  in  the  state  of  being  continually  lifted  by 
increments  proportional  to  its  rise  or  progress  on  the  road. 
Every  one  knows  that  on  a  stage  of  twelve  miles  the  post- 
boy generally  saves,  as  it  is  termed,  at  least  half  an  hour  upon 
the  level  road,  because  on  it  he  is  not  required  to  slacken 
his  pace  as  in  going  up  hill.     Now,  if  he  or  his  company 
would  agree  to  take  the  same  time  to  the  level  road  that  they 
are  obliged  to  do  upon  the  undulating  one,  the  post-master 
would  find  no  diflSculty  in  determining  which  side  of  the  ar- 
gument was  in  favour  of  his  cattle."     With  regard  to  the 
fatigue  or  ease  of  the  horse,  Mr.  Stevenson,  upon  one  occa- 
sion, submitted  the  subject  to  the  consideration  of  a  medical 
friend  (Dr.  John  Barclay  of  Edinburgh,  no  less  eminent  for 
his  knowledge  than  successful  as  a  teacher  of  the  science  of 
comparative  anatomy),  when  the  Doctor  made  the  following 
answer:  — "  My  acquaintance  with  the  muscles  by  no  means 
enables  me  to  explain  how  a  horse  should  be  more  fatigued 
by  travelling  on  a  road  uniformly  level,  than  by  travelling 
over  a  like  space  upon  one  that  crosses  heights  and  hollows, 
but  it  is  demonstrably  a  false  idea  that  muscles  can  alter- 
nately rest  and  come  into  motion  in  cases  of  this  kind.     The 
daily  practice  of  ascending  heights,  it  has  been  said,  gives 
the  animal  wind,  and  enlarges  his  chest.     It  may  also  with 
equal  truth  be  affirmed,  that  many  horses  lose  their  wind 
under  this  sort  of  training,  and  irrecoverably  suffer  from  im- 
prudent attempts  to  induce  such  a  habit."   In  short,  the  Doctor 
ascribes  "much  to  prejudice,  originating  with  the  man  con- 
stantly in  quest  of  variety  rather  than  the  horse,  who,  con- 
sulting  only   his   own    ease,    seems    quite    unconscious   of 
Hogarth's  line  of  beauty." 

To  this  it  may  be  added,  that  the  result  of  experimental 
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inquiries  conducted  on  a  large  scale,  on  the  application 
animal  power  in  transport,  has  established  as  a  general  prin- 
ciple, that,  for  each  species  and  class  of  animal,  there  is  a  cer- 
tain relation  between  the  load  and  speed  which  will  enable 
the  animal  to  work  with  the  greatest  possible  amount  of 
useful  effect.  By  increasing  the  load  or  resistance,  the  speed 
is  necessarily  diminished,  though  in  a  different  and  greater 
proportion,  and  if  an  augmentation  of  speed  be  required,  a 
diminution  of  load  or  resistance  must  take  place.  In  short, 
a  departure  from  that  particular  relation  of  speed  and  resist- 
ance which  determine  the  maximum  useful  effect,  whether  by 
increase  of  resistance  and  diminution  of  speed,  or  increase  of 
speed  and  diminution  of  resistance,  will  necessarily  diminish 
the  utility  of  the  animal  labour. 

Now  assuming  this  general  principle,  it  is  evi 
undulating  road,  as  it  must  expose  the  animal  power  used 
upon  it  to  changes  of  resistance  more  or  less  frequent,  and 
consequently  to  change  of  speed,  the  power,  if  working  at, 
one  time  with  its  maximum  of  useful  effect,  must  at  other 
times,  whether  the  resistance  be  increased  or  diminished', 
work  with  impaired  effect. 

On  an  undulating  road,  it  is  evident  that  the  animal  power; 
provided  for  the  traction  of  the  load  must  be  such  that,  without 
injury  to  the  animal,  it  can  work  against  the  resistance  of 
tlie  steepest  acclivity  with  the  necessary  speed.  Such  a  power 
will  in  general  be  underworked  on  the  level  and  still  more  so 
on  the  descending  slopes. 

If  the  power  be  adapted  to  work  with  the  greatest  advan- 
tage on  the  level,  it  will  then  be  overstrained  on  the  accli- 
vities, and  underworked  on  the  declivities. 

On  this  principle,  therefore,  a  conclusion  would  follow  in 
favour  of  an  uniform  level,  in  accordance  with  the  opinion 
above  stated  of  Mr.  Stevenson. 

(241.)  Diffimlty  of  draining  roads  on  a  dead  level.  — 
There  is,  however,  another  objection  to  a  road  upon  a  dead 
level,  which  is,  that  in  wet  weather  it  is  always  dirty  and 
muddy,  because  the  rain-water  cannot  run  so  freely  off  as  it 
would  do  on  a  road  having  a  sufficient  fall.  This  objection 
is  answered  by  giving  the  level  road  sufficient  convexity 
to  allow  the  water  to  run  off  laterally  to  the  side  drains. 
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^  (242.)  Best  practical  limit  of  acclivities. — Since,  how- 
ever, roads  cannot  in  practice  be  constructed  in  any  case 
upon  uniform  dead  levels,  an  important  question  arises  as  to 
the  degree  of  acclivity  admissible  upon  them.  It  is  evident 
that  such  an  acclivity  has  in  all  cases  a  practical  limit.  There 
is  an  acclivity  of  such  steepness  as  to  be  impracticable  to  the 
moving  power  to  surmount  it,  and  to  produce  dasger  of  pre- 
cipitation in  the  descent. 

(243.)  This  limit  varies  tcith  the  perfection  of  the  road. — 
This  limit  will  vary  with  the  degree  of  jierfection  of  the 
road,  and  the  less  perfect  the  construction  of  the  road  is,  the 
greater  will  be  the  steepness  of  the  acclivities  admissible 
upon  it.  This,  which  may  seem  at  first  view  paradoxical, 
admits,  however,  of  easy  explanation.  To  comprehend  it,  it 
is  necessary  first  to  consider  the  resistance  to  the  tractive 
power  offered  by  the  road  in  question  upon  a  level. 

(244.)  The  more  perfect  the  road,  the  more  narrow  is  this 
limit. — When  a  carnage  is  placed  upon  a  perfectly  level 
road  and  a  progressive  motion  is  imparted  to  it,  the  first  re- 
sistance opposed  to  the  moving  power  is  that  produced  by 
the  inertia  of  the  carriage  and  the  load.  In  short,  the  moving 
power  has  to  put  the  carriage  into  motion,  and  to  give  it  the 
necessary  momentum.  This  it  would  have  to  accomplish, 
even  though  the  road  should  have  the  most  absolute  per- 
fection, even  though  it  were  perfectly  smooth,  free  from  all 
asperities  and  friction,  and  though  the  resistance  of  the  air 
were  annihilated. 

But  when  once  the  carnage  with  the  load  is  put  in  a  state 
of  uniform  progressive  motion,  then  the  tractive  power  has 
no  other  resistances  to  overcome  than  those  produced  by  the 
asperities  of  the  road,  the  friction  of  the  axles  of  the  wheels 
in  the  boxes,  and  the  resistance  of  the  air. 

(245,)  Average  amount  of  resistance  to  icheeled  carriages 
on  level  roads.  —  On  ordinary  roads  and  at  common  speeds, 
the  chief  part  of  the  resistance  is  that  which  arises  from  the 
roughness  or  softness  of  the  surface  of  the  road.  This  varies 
within  very  wide  limits,  according  to  the  material,  the  con- 
struction, and  the  state  of  repair  of  the  road.  It  varies  also 
more  or  less  with  the  weather,  according  as  the  road  is  wet 
or  dry. 
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This  resistance  to  the  tractive  force  is  usually  expressed 
by  the  proportion  it  bears  to  the  gross  weight  of  the  carriage 
and  its  load.  It  is  represented  by  the  tension  of  the  traces 
by  which  the  carriage  is  drawn.  Thus,  if  the  gross  weight 
of  the  carriage  and  load  be  thirty  cwt.,  and  the  traces  in 
drawing  it  at  an  uniform  speed  be  stretched  with  the  same 
force  as  would  be  produced  upon  them  if  one  cwt.  were  dii-ectly 
suspended  fi-om  them,  then  the  force  of  traction  is  said  to  be 
the  thirtieth  of  the  load. 

It  tnust  be  understood  in  this  case,  that  the  moving  power 
exercises  upon  the  load  of  thii'ty  cwt.  precisely  the  same  force 
as  it  Avould  exert  if  it  were  employed  to  raise  one  cwt.  ver- 
tically, by  a  rope  passing  over  a  pulley  and  carried  horizon- 
tally, so  that  the  horse,  advancing  in  a  straight  dii'ection, 
might  raise  the  weight  in  the  vertical  direction. 

(246.)  On  roads  of  broken  stone  or  gravel.  —  This  resist -4 
ance  on  common  roads  made  with  gravel  or  broken  stone^ 
reduced  to  a  uniform  surface,  either  by  rollers  or  by  the 
continual  working  of  carriages  upon  it,  is  found  to  vary,  ac-* 
cording  to  tlie  condition  and  material  of  the  road,  from  the 
fortieth  to  the  twentieth  part  of  the  load.  On  the  worst 
description  of  road,  the  tractive  force  is  seldom  greater  than 
tlie  twentieth,  and  on  the  best  description  seldom  less  than 
the  fortieth. 

(247.)  On  paved  roads.  —  On  paved  roads  in  general,  thi 
resistance  to  the  tractive  power  is  less  than  upon  roadsM 
formed  of  gravel  or  broken  stones.  This  is  a  fact  contrary, 
to  what  would  be  expected.  On  a  common  macadamised 
road,  or  a  road  formed  into  an  even  surface  by  fine  gravel, 
hardened  by  wear  or  rolling,  the  motion  of  a  carriage  is 
much  more  smooth  and  easy  than  it  is  upon  the  paved  streets 
of  a  town,  and  it  might  be,  and  generally  is,  imagined,  there- 
fore, that  the  former  is  more  easy  draught  for  the  horse  than 
the  latter.  Nothing,  however,  can  be  more  contrary  to  the 
truth.  Coachmen  and  drivers  in  general  know  this  by  ex- 
perience, and  it  will  be  observed  that  on  those  roads  on  the 
Continent  where  the  centre  is  paved,  and  the  sides  formed  of 
gravel  or  broken  stones,  the  drivers  invariably  prefer  tlie 
centre  as  being  the  easiest  work  for  their  horses. 

But,  independently  of  this,  the  question  has  been  practically 
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tested  in  various  ways,  and  no  doubt  remains  as  to  the  fact, 
that  the  hard  surface  of  a  paved  road,  even  though  it  be  un- 
even and  produce  a  rough  motion  to  the  passenger,  is  easier 
of  draught  to  the  horse  than  the  smooth  surface  of  a  mac- 
adamised road.  It  may  be  asked  how  this  is  compatible  with 
the  statement  that  smoothness  is  one  of  the  requisites  of  a 
perfect  road.  The  answer  is  that  hardness  is  another  requi- 
site, and  that  what  a  paved  road  loses  from  want  of  smooth- 
ness, as  compared  with  a  macadamised  road,  it  more  than 
gains  by  its  hardness. 

(248.)  Amount  of  resistance  produced  by  acclivities.  — 
The  resistance  offered  to  the  power  of  traction  in  ascending 
an  acclivity  depends  on  the  steepness  of  the  acclivity.  If  a 
slope  ascends  at  the  rate  of  one  perpendicular  foot  in  fifty 
feet  of  length  of  road,  then  the  resistance  produced  by  the 
ascent  alone,  exclusive  of  any  other  cause  of  resistance,  will 
be  equal  to  one-fiftieth  of  the  gross  weight  of  the  carriage 
and  the  load ;  if  it  ascend  one  perpendicular  foot  in  forty, 
then  the  re.sistance  due  to  the  ascent  will  be  one-fortieth  part 
of  the  load,  and  so  on.  In  short,  the  resistance  produced  by 
acclivities  is  expressed  by  a  fraction  of  the  load,  in  the  same 
manner  as  we  have  already  explained  that  the  resistance 
produced  by  the  road's  surface  is  expressed. 

(249.)  The  angle  of  repose.  —  There  is  a  particular 
acclivity  on  all  kinds  of  roads  which  enters  in  an  important 
manner  into  the  theory  of  their  construction.  It  is  that 
acclivity  which  produces  a  resistance  in  the  ascent,  by  the 
effect  of  gravity,  equal  in  amount  to  the  resistance  offered 
to  the  tractive  power  on  a  level  road.  This  particular 
acclivity  is  called  the  "  angle  of  repose." 

Thus  if  the  construction  of  the  road  be  such  that  the 
resistance  which  it  offers  to  the  tractive  power  in  moving 
along  a  dead  level  is  one-thirtieth  part  of  the  gross  load, 
then  the  acclivity  determined  by  the  angle  of  repose  on  such 
a  road  will  be  one  which  rises  at  the  rate  of  one  foot  in 
tiiirty. 

(250.)  Such  an  acclivity  doubles  the  resistance. — In  mount- 
ing such  an  acclivity,  the  tractive  force  has  two  sources  of 
resistance  to  contend  against.  First,  the  ordinary  resistance 
proceeding  from  the  surface  of  the  road,  which  it  would  have 
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to  encounter  on  a  dead  level ;  and,  secondly,  the  resistance 
proceeding  from  the  acclivity.  In  the  present  case  these 
two  are  equal,  being  both  one-thirtieth  of  the  load,  and 
consequently  the  total  amount  of  resistance  to  the  tractive 
power  in  ascending  such  an  acclivity,  will  be  two-thirtieths, 
or  one-fifteenth  of  the  load. 

(251.)  In  descending,  the  resistance  is  nothing,  —  In  de- 
scending such  an  inclination,  the  gi'avity  which  resists  the 
tractive  force  in  the  ascent  will,  on  the  contrary,  aid  it,  and 
a  carriage  will  have  a  tendency  to  move  spontaneously  down 
the  declivity,  with  a  force  equal  to  one-thirtieth  of  its  gross 
weight.  In  other  words,  there  will  be  a  downward  force 
due  altogether  to  gravity,  equal  to  a  tractive  force  of  one- 
thirtietli  of  the  weight  of  the  load.  Now,  as  this  is  precisely 
the  amount  of  tractive  force  necessary  to  overcome  the  re- 
sistance proceeding  from  the  surface  of  the  road  itself,  it 
follows  that,  in  descending  such  acclivity,  the  gravity  down- 
wards balances  the  resistance  of  the  road,  and  that,  conse- 
quently, the  carriage,  if  once  put  in  motion  downwards,  will 
continue  that  motion,  except  so  far  as  it  may  be  resisted  by 
the  atmosphere. 

(252.)  Declivities  greater  than  the  angle  of  repose,  produce 
acceleration  in  the  descent ;  and  less,  require  a  tractive  pmcer. 
—  It  will  be  evident  that  in  the  case  of  any  declivity  of 
greater  steepness  than  this,  the  gravity  in  the  descent  being 
greater  than  the  resistance  of  the  road,  will  cause  accelerated 
motion,  and  that  the  carriage  will  descend  with  such  accele- 
rated motion,  without  any  tractive  force  at  all ;  and,  on 
the  other  hand,  in  case  of  declivities  of  less  steepness,  the 
gravity  will  not  be  sufficient  to  overcome  the  resistance  of 
the  road,  and  a  tractive  force,  amounting  to  the  excess  of 
this  resistance  above  the  gravity,  will  be  necessary  to  keep 
the  carriage  in  motion. 

(253.)  £xample.  —  Descent  on  a  decliviti/  greater  than 
the  angle  of  repose.  — To  illustrate  these  two  cases  by 
example,  let  us  again  suppose  a  declivity  whicli  shall  fall  at 
the  rate  of  two  feet  in  thirty  feet  of  length,  on  a  road  the 
surface  of  which  offers  a  resistance  equal  to  the  thirtieth 
of  the  load.  The  tendency  of  the  load  to  descend  on  such  a 
declivity  is,  according  to  the  principles  of  mechanics,  two- 
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thirtieths  of  its  gross  weight,  the  meaning  of  which  is,  that 
if  there  were  no  friction,  or  any  other  resistance,  a  rope 
attached  to  the  carriage  and  carried  parallel  to  the  road  in 
an  upward  direction,  and  attached  to  a  fixed  point,  would  he 
stretched  with  a  force  equal  to  two-thirtieths  of  the  weight 
of  the  carriage,  by  the  tendency  of  such  carriage  to  descend. 
But  one- thirtieth  of  this  tendency  is,  in  the  case  supposed, 
resisted  by  the  friction  or  asperities  of  the  road,  and,  conse- 
quently, such  a  rope  would  only  be  stretched  by  the  balance, 
that  is  to  say,  by  one-thirtieth  of  the  load.  If  horses  pre- 
ceded such  a  carriage  in  the  descent,  it  would  press  upon 
them  by  this  force,  and  they  would  be  compelled  to  exercise 
a  backward  power  in  resisting  its  descent  equal  to  one- 
thirtieth  of  the  weight  of  the  carriage. 

In  the  same  manner  the  tendency  in  general  to  descend 
any  declivity  greater  than  the  angle  of  repose  may  be 
calculated.  It  is  only  necessary  to  calculate  first  the  total 
tendency  of  the  load  to  descend  by  the  rate  at  which  the 
declivity  falls,  and  then  subtract  from  that  the  rate  at  which 
a  declivity  would  fall  determined  by  the  angle  of  repose. 
The  remainder  will  always  represent  the  tendency  of  the 
load  to  descend  with  an  accelerated  motion,  or  the  force 
which  the  backward  action  of  the  horse  would  have  to  resist, 
if  not  balanced  by  the  action  of  the  brake. 

(254.)  Tractive  force  necessary  in  descending  declivities, 
less  than  the  angle  of  repose.  — It  follows  from  this  principle, 
that  the  acclivities  upon  roads  which  are  less  steep  than  the 
angle  of  repose,  will  require  a  certain  tractive  force  in  the 
descent  as  well  as  in  the  ascent.  The  tractive  force  requisite 
on  a  level  will  be  a  mean  between  these.  It  will  be  less  than 
that  which  is  required  in  ascending  such  an  acclivity,  and 
more  than  that  which  is  required  in  descending,  and  it  will 
be  less  than  the  one  and  more  than  the  other  by  exactly  the 
same  amount. 

Thus,  if  the  tractive  force  upon  a  level  required  for  a 
given  load  be  one  hundred  pounds,  and  in  ascending  a  certain 
acclivity  it  be  one  hundred  and  fifty  pounds,  then  in  descend- 
ing the  same  acclivity  it  will  be  only  fifty  pounds. 

(255.)  Compensation  in  ascending  and  descending.  —  It 
is  plain,  therefore,  that  in  all  such  cases  of  acclivities  less 
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steep  than  the  angle  of  repose,  there  is  a  sort  of  compen- 
sating action  required  from  the  tractive  force.  If  a  greater 
intensity  is  exacted  from  it  in  ascending,  a  less  intensity  is 
sufficient  in  descending,  and  the  mean  of  the  two  is  equal  to 
the  force  requisite  on  a  level  road. 

Now,  if  animal  power  were  so  constituted  that  the  excess 
expended  in  the  ascent  could  be  compensated  by  the  dimi- 
nution in  the  descent,  such  undulations  would  not,  on  the 
whole,  demand  a  greater  expenditure  of  power  than  an  uni- 
form level.  There  would  be  an  alternate  gain  and  loss,  but 
on  the  whole  the  expenditure  of  power  would  be  the  same. 

But  the  animal  organisation  is  not  thus  constituted ; 
although  there  is  some  relief  from  the  diminished  labour  in 
the  descent,  it  will  not  compensate  for  the  excessive  power 
exerted  in  the  ascent.  Still,  it  must  be  admitted,  that  the 
compensating  principle  is  to  some  extent  effected  by  the 
relief  obtained  by  the  animal  in  descending  this  gentle 
declivity,  and  must  afford  some  degree  of  repose,  or  at  least 
of  relaxed  action. 

(256.)  No  compensation  when  acclivity  is  greater  than  the 
angle  of  repose.  — But  in  the  case  of  acclivities  more  steep 
than  the  angle  of  repose,  one  of  two  effects  must  ensue  : 
either  the  carriage  must  press  injuriously  on  the  horses, 
whose  force  vrill  be  expended  in  an  unnatural  manner  by 
backward  action;  or  a  brake  must  be  used,  which  can  never 
be  so  nicely  adjusted  in  its  action  as  to  balance  exactly  the 
descending  tendency,  and  in  such  case  rather  overacting 
than  otherwise,  will  throw  a  certain  draught  on  the  horses. 
In  all  cases,  such  declivities,  while  they  exact  an  excessive 
exertion  of  power  in  the  ascent,  afford  nothing  approaching 
to  adequate  compensation  in  the  descent. 

(257.)  Parliamentary  limit  of  acclivities  on  wail  coach 
roads.  —  Hence  it  is  that  in  the  acts  of  parliament  regu- 
lating the  construction  of  some  of  the  great  mail  coach 
roads  a  limit  has  been  imposed  on  the  steepness  of  the  ac- 
clivities. 

On  the  assumption  that  the  average  resistance  on  the  level 
may  be  taken  at  somewhere  between  one-thirtieth  and  one- 
fortieth  of  the  load,  it  has  been  enacted  that  no  ascent  or 
descent  should  exceed  the  rate  of  one  in  thirty-five,  save  in 
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exceptional  cases,  •where  the  ground  renders  such  an  acclivity 
absolutely  impracticable. 

Thus,  in  the  great  mail  coach  road  carried  through  North 
Wales,  and  constructed  under  the  superintendence  of  the 
late  Mr.  Telford,  the  general  inclinations  are  regulated  in 
the  above  proportions.  There  are  one  or  two  examples 
where  a  steeper  acclivity  was  inevitable.  In  one  case,  for  a 
considerable  distance,  there  is  an  inclination  of  one  in  twenty- 
two,  and  another  for  about  two  hundred  yards,  still  more  steep, 
of  one  in  seventeen.  In  these  two  cases,  extraordinary 
expenses  had  been  incurred  to  render  the  surface  of  the 
road  smooth  and  hard,  so  as  to  facilitate  the  ascent,  the  brake 
being  used  in  tlie  descent- 

(2.58.)  Why  more  perfect  roads  receive  less  acclivilies. — 
I  have  already  observed  that  the  more  perfect  the  road  is,  the 
less  steep  must  the  general  character  of  the  acclivities  be. 
The  reason  of  this  will  now  appear  obvious.  The  tractive 
power  supplied  to  carriages  of  every  description  is  necessarily 
regulated  with  a  view  chiefly  to  the  resistance  opposed  to  it 
on  a  level  road.  It  is  found  that,  in  practice,  a  greater  re- 
sistance than  twice  this  cannot  be  conveniently  overcome  by 
this  power.  Now  the  acclivity  which  will  produce  this 
double  resistance  is,  as  has  been  explained,  the  angle  of  re- 
pose. But  the  more  perfect  the  road  is,  the  less  will  be  the 
resistance  on  a  level,  and  as  the  angle  of  repose  is  the  acclivity 
which  by  its  gravity  produces  a  resistance  equal  to  this,  it 
will  be  less  steep  in  the  same  proportion.  Thus  if  the  re- 
sistance upon  the  level  road  be  one -fortieth  part  of  the  load, 
the  angle  of  repose  will  be  one  in  forty,  and  such  must  be  the 
limit  of  the  acclivity  on  such  a  road.  But  if  the  road  be 
made  so  perfect  that  the  resistance  on  the  level  is  only  a 
sixtieth  part  of  the  load,  then  the  angle  of  repose  will  be  one 
in  sixty,  and  such,  in  that  case,  would  be  the  limit  of  the  pre- 
vailing acclivities. 

(259.)  Example  of  the  application  of  this  principle  in 
railways.  —  This  principle  is  strikingly  illustrated,  as  will 
be  seen  hereafter  in  railways.  On  railways  the  resistance  is 
extremely  small,  less,  for  example,  than  the  three-hundredth 
part  of  the  load.  The  angle  of  repose  is  consequently  pro- 
portionally small,  and  acclivities  which  would  be  scarcely 
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considered  as  being  practically  different  from  a  dead  level  on 
common  roads,  will  upon  railways  require  more  than  double, 
or  even  triple  the  power  required  for  a  level. 

However  paradoxical  it  may  appear,  that  acclivities  which 
do  not  injuriously  affect  an  ordinary  road  are  altogether  inad- 
missible upon  the  most  perfect  class  of  roads,  there  is  nothing 
in  it  which  is  not  consistent  with  analogy.  The  more  perfect 
any  mechanical  instrument  whatever  is,  the  more  inadmissible 
will  be  small  defects.  Imperfections  of  the  edge  which  would 
be  of  no  account  in  a  carving-knife  would  utterly  destroy  the 
utility  of  a  razor. 

(260.)  Inconvenience  of  a  dead  level.  —  Although  a  dead 
level  may  be  admitted  to  be  the  best  form  on  a  road  when  the 
power  of  draught  upon  it  alone  is  considered,  there  are  in  com- 
mon roads  other  circumstances  to  be  considered,  and  the  de- 
cision of  the  engineer  is  generally  the  result  of  a  balance  of 
disadvantages.  In  a  common  road  a  dead  level,  as  well  in  its 
longitudinal  as  in  its  transverse  section,  is  attended  with  this 
disadvantage,  that  there  would  be  no  escape  for  surface  water. 
After  a  fall  of  rain  the  water  would  rest  on  the  surface  of 
the  road,  it  would  collect  in  shallow  pools  wherever  ine- 
qualities are  found  by  reason  of  the  wear  of  the  surface. 
AVater  and  friction  united  are  a  formidable  source  of  wear, 
and  the  carriages  rolling  over  such  a  road  would  soon 
destroy  it. 

(261.)  Expedients/or  surface  drainage. —  Two  expedients 
suggest  themselves  to  remove  this  difficulty.  The  first  is  to 
render  the  road  so  convex  in  its  cross  section  as  to  afford 
sufficient  lateral  fall  to  enable  the  water  to  descend  into  side 
drains.  This  expedient  is,  however,  not  without  counter- 
vailing disadvantage.  The  wheels  of  a  carriage  never  can 
roll  over  such  a  surface  without  continued  abrasion,  except 
wdien  the  carriage  runs  in  the  very  centre  of  the  road  on  the 
summit  of  the  curve.  Besides  this,  the  tendency  of  the  wheels 
is  always  to  make  channels  or  tracks  running  parallel  to  the 
direction  of  the  road,  and  these  channels  must  fill  with  water 
to  overflowing  before  it  can  run  off  laterally. 

(262.)  Departurefrom  dead  level  recommended. — Although, 
therefore,  a  certain  slight  convexity  is  still  given  to  the  cross 
section  of  roads,  it  is  considered  by  good  road  makers  advisable 
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to  depart  from  a  dead  level  in  a  sufficient  degree  to  enable 
the  surface  water  to  discharge  itself  by  running  longitudinally 
along  the  road.  A  fall  of  one  foot  in  eighty  or  ninety  is 
Isufficient  for  this,  and  this  adds  so  slightly  to  the  tractive 
force  in  the  ascent,  that  the  compensation  in  the  descent,  to  a 
igreat  extent,  takes  efiFect,  and  the  road  may  on  the  whole  be 
considered  practically  equal  to  a  level,  while  the  purposes  of 
drainage  are  attained. 

(263.)  Method  of  condticting  roads  through  mountainous 
districts.  —  In  laying  out  acclivities  through  a  mountainous 
district,  the  limit  imposed  on  the  acclivities  is  maintained  by 
several  expedients. 

Cuttings,  tunnels,  embankments,  and  viaducts  have  been 
already  mentioned,  but,  if  no  other  expedient  were  resorted 
to,  in  certain  cases  these  would  not  only  be  unavailable,  but 
even  when  available  would  be  attended  with  an  inadmissible 
expense.  Two  other  expedients  are  accordingly  resorted  to. 
The  road  either  winds  along  the  sides  of  precipices,  being 
:ut  into  the  form  of  a  sort  of  shelf  upon  their  brows,  or,  if  it 
must  face  the  acclivity,  it  is  made  to  wind  along  in  a  serpen- 
tine course  to  the  right  and  to  the  left ;  the  sinuosity  being 
greater  in  proportion  to  the  steepness  of  the  hill  to  be  sur- 
mounted on  the  one  hand,  and  to  the  lowness  of  the  limit  of 
the  acclivity  on  the  other. 

(264.)  Example  of  the  Simplon.  —  One  of  the  most  con- 
spicuous examples  of  the  practical  application  of  this  ex- 
pedient, is  afforded  by  the  celebrated  road  of  the  Simplon, 
^rried  across  the  Alps  by  order  of  Napoleon.  Notwith- 
standing the  immense  height  of  the  ridge  over  which  this 
road  has  been  carried,  the  maximum  acclivity  allowed  upon 
t  is  one  in  thirty-six.  On  this  line  of  road  is  found  a  variety 
?f  expedients,  for  maintaining  the  necessary  limit  of  acclivity, 
iirhich  engineering  science  has  supplied. 

(265.)  Art  of  road  making.  —  The  art  of  forming  the  sur- 
face of  a  road,  so  as  to  possess  the  requisite  qualities  of 
•moothness,  hardness,  strength,  and  durability,  has  largely 
:^ngaged  the  attention  of  modern  engineers.  Nor  has  the 
extension  of  railways  seriously  diminished  the  importance  of 
;his  problem ;  for,  although  these  more  perfect  lines  of  comr 
munication  have  superseded  extensive  tracts  of  common  road. 
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they  have,  at  the  same  time,  called  into  existence  numerous 
lines  of  common  road,  which,  before  their  construction,  were 
not  necessary. 

The  railways  will  probably  form  the  great  arteries  of  in- 
tercourse through  countries ;  but  they  must  have  tributaries 
at  innumerable  points  where  the  traffic  is  not  sufficiently 
considerable  to  sustain  branch  railways,  and  these  tributaries 
will  necessarily  be  common  roads. 

(266.)  Preparation  of  the  surface,  and  formation  of  tin 
road.  —  In  preparing  the  natural  surface  of  the  ground  for  i 
common  road,  its  inequalities  are  first  removed,  and  the  sur- 
face is  reduced  to  the  requisite  width,  and  levelled ;  drains 
and  other  expedients  are  adopted  to  render  it  dry,  so  as  tc 
admit  of  being  compressed  and  hardened  by  the  weight  o! 
the  road  material  and  the  action  of  the  traffic  thereupon 
Upon  the  surface  thus  prepared  and  levelled,  the  material  foi 
forming  the  road  is  laid  in  a  succession  of  strata,  and  roUec 
hard,  either  by  rolling  machines  expressly  used  for  this  pur- 
pose, or  by  the  operation  of  the  ordinary  traffic  upon  it. 

(267.)  3Iaterial  of  road  crust. — Imperfection  of  flint  roada 
—  It  is  evident  that  the  material  forming  the  crust  of  th( 
road  should  be  such  as  to  be  capable  of  binding  into  a  hare 
coherent  mass,  as  impermeable  as  possible  to  water.  The  firs' 
roads  were  formed  of  gravel  and  loose  stones  thrown  togethei 
in  their  natural  size  and  form.  These  stones  were  more  oi 
less  round,  such  as  they  are  found  in  gravel  pits.  The  crus 
of  a  road  thus  formed  can  never  effiictually  bind.  The  rounc 
stones  of  which  it  is  composed,  great  and  small,  have  J 
tendency  to  be  continually  changed  in  their  position  by  thi 
rolling  of  the  carriages  upon  them,  and  by  mutual  friction  to  b* 
rendered  more  and  more  round.  If  a  surfoce  is  attempted  t( 
be  formed  by  strewing  over  the  crust  formed  by  such  stones 
gravel  and  sand,  such  gravel  and  sand,  aided  by  the  operatior 
of  the  surftice  water  infiltrating  through,  will  be  graduallj 
washed  down  through  the  interstices  between  the  round  stones 
and,  after  a  time,  the  road  will  become  first  rough,  the  largei 
stones  coming  to  the  surface,  and  later,  these  stones,  loosenec 
from  their  position,  will  be  scattered  on  the  road  so  as  t( 
render  it  almost  impassable. 

(268.)  Crust  of  broken  stone.  —  These   difficulties  sooi 
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iierume  apparent  on  roads  where  much  traffic  was  carried  on. 
rhe  expedient  by  which  these  defects  were  removed  was  by 
substituting  fragments  of  stone,  broken  by  a  hammer,  for  the 
[x>un(>  pieces  of  stone  taken  from  gravel  pits.  These  angular 
stones,  when  placed  in  a  stratum  and  worked  down  by 
traffic,  were  soon  found  to  bind  into  a  compact  and  coherent 
mass  ;  the  surface  was  worn  down  by  work  to  a  sufficient 
iegree  of  smoothness,  the  matter  abraded  falling  into  the 
interstices. 

When  this  method  was  first  adopted,  the  substratum  of  the 
road  was  usually  formed  of  stones  of  a  larger  size,  over  which 
jne  or  more  strata  of  broken  stones  of  a  smaller  size  were 
strewed.  The  effect,  however,  of  this  was,  that,  after  the 
poad  had  been  worked  for  a  certain  time,  the  superior  strata 
>f  small  stones  worked  down  through  the  interstices  of  the 
substratum  of  large  stones,  and  the  latter  coming  up  to  the 
surface  formed  a  bad  road. 

(269.)  Macadamisation.  —  The  celebrated  M«Adam  was 
the  first  engineer  who  pointed  out  this  defect  and  removed 
it.  He  constructed  all  his  strata,  from  the  natural  basis  of 
the  road  upwards,  of  broken  stones  of  uniform  and  regular 
size.  Their  uniformity  was  secured  at  first  by  gauges  sup- 
plied to  the  road  makers.  Rings  were  used  through  which 
the  stones  must  pass  before  they  could  be  admitted  to  be  ap- 
plied to  the  road.  Directions  were  sometimes  given  that  no 
?tone  should  be  put  aside  from  the  hammer  which  was  not 
small  enough  to  go  into  a  man's  mouth.  In  short,  the  size 
3f  the  stones  composing  the  strata  of  the  road  was  such  as 
B'ould  measure  about  one  and  a  half  inch  in  their  diagonal. 
Labourers,  supplied  with  hammers,  w^ere  employed  at  the 
?ide  of  the  road  breaking  the  stones  to  this  size.  Convenient 
recesses  were  provided  at  intervals  along  the  road,  in  whicli 
heaps  of  these  stones  were  constantly  accumulated  for  repair. 
The  road  contractors  were  required,  by  constant  inspection, 
to  observe  the  places  where  cavities  on  the  surface  were 
formed  by  unequal  wear,  and  to  fill  them  up  as  they  occurred. 

In  the  original  formation  of  the  road,  a  stratum  of  this 
broken  stone,  several  inches  thick,  was  laid  upon  the  basis 
uf  the  road.  This  was  rolled  down  into  a  compact  mass 
either  by  rollers,  or  by  the  operation  of  the  ordinary  traffic 
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Another  similar  stratum  was  then  superposed,  of  a  like  thick- 
ness, and  again  rolled  down  in  the  same  way,  and  this  was 
continued  until  the  crust  of  the  road  attained  the  necessary 
strength  and  thickness.  After  this  the  repair  of  the  road 
was  maintained  by  spreading  a  fresh  stratum  of  broken  stone 
from  time  to  time,  so  as  to  keep  the  surface  at  the  required 
level,  the  crust  at  the  necessary  thickness,  and  to  give  the 
road  the  requisite  form  and  smoothness. 

(270.)  31" Adam  admits  a  soft  stibsfratutn. — A  remark- 
able disagreement  was  signalised  between  two  of  the  most 
eminent  road  engineers  of  modern  times,  relating  to  one  of 
the  most  important  qualities  of  a  road  —  its  hardness. 

M'^Adam  not  only  maintained  that  a  road  should  not  be 
absolutely  hard  and  unyielding  in  its  surface,  but  that  such  a 
quality  is  expressly  to  be  avoided.  He  maintained  that  the 
best  road  is  that  whose  crust  rests  upon  a  soft  bed,  and  even 
that  it  may  be  questioned  whether  a  properly  made  road, 
resting  on  a  bog  which  yields  by  its  elasticity,  will  not  last 
longer  than  one  constructed  on  a  solid  and  unyielding  sur- 
face. He  says  also  that  a  soft  substratum,  provided  it  be 
well  drained,  is  always  preferable ;  and  he  places  no  inter- 
vening material  between  the  crust  of  the  road  and  such 
substratum,  even  though  it  were  a  bog,  provided  it  have 
sufficient  tenacity  to  enable  a  man  to  walk  upon  it.  He  givej 
an  instance  in  Somersetshire,  where  the  substratum  of  a  road 
was  so  extremely  soft,  that  when  a  carriage  was  moved  upon  i1 
the  Avater  was  seen  trembling  in  the  ditches  on  either  side, 
and,  after  a  slight  frost,  the  vibration  of  the  water  in  the  side 
ditches,  produced  by  the  motion  of  an  ordinary  carriage  or 
the  road,  was  so  great  as  to  break  the  young  ice.  "  I  never,' 
says  M'^Adam  in  one  of  his  examinations  before  parliament 
"  use  large  stones  on  the  bottom  of  a  road.  I  would  not  pul 
a  large  stone  on  any  part  of  it,  or  faggots,  or  any  materia 
larger  than  stones  weighing  six  ounces.  If  a  road  be  madt 
smooth  and  solid  it  will  be  one  mass,  and  the  effect  of  the 
substratum,  whether  it  be  clay  or  sand,  can  never  be  felt  bj 
carriages  going  over  it,  because  a  road  well  made  unites  itseli 
in  a  body  like  a  piece  of  timber  or  a  board." 

(271.)  Telford  requires  a  hard  and  solid  suhstratu7n. — 
On  the  other  hand,  Mr.  Telford  maintained  that  the  basis  of  s 
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X)ad  should  always  be  of  the  strongest  and  most  unyielding 
luality.  In  roads  constructed  to  carry  a  great  traffic,  and 
rhere  the  extraordinary  expense  could  be  afforded,  that 
jngineer  formed  an  artificial  base  of  paving,  composed  of 
•egularly  squared  blocks  of  stone  of  considerable  magnitude, 
lat  at  the  bottom  and  sides,  but  not  dressed  at  the  upper  sur- 
face. These  were  laid  in  courses  precisely  similar  to  the 
saving  of  a  street,  the  interstices  being  filled  up  with  splinters 
)f  stone  driven  in  between.  An  arched  form  was  given  to 
:he  whole  structure  in  the  same  manner  as  is  customary  in 
the  paving  of  streets.  The  upper  surface,  however,  pre- 
sented, as  has  been  just  explained,  great  inequalities,  owing 
:o  the  points  and  irregularities  of  the  blocks  not  having  been 
removed.  Upon  this  basis,  thus  prepared,  and  having  the 
strength  and  character  of  an  arch,  Telford  laid  down  the 
usual  courses  of  broken  stones,  which,  being  rolled  down  as 
in  the  process  called  Macadamisation,  the  road  was  ulii- 
naately  formed. 

(272.)  Telfordisation.  —  This  system,  which  may  not  in- 
appropriately be  designated  by  the  name  of  Telfordisation, 
as  contradistinguished  from  the  system  of  M*Adam,  has 
been  practised  in  many  of  the  principal  mail-coach  roads, 
constructed  under  the  superintendence  of  the  late  Mr.  Telford 
and  his  pupil  and  associate,  Mr.  (now  Sir  John)  M'Neil. 

It  may  be  asked  how  so  remarkable  a  difference  could  have 
arisen  between  two  engineers,  both  so  eminent. 

(273.)  Cause  of  this  difference  between  Telford  and 
M'^Adam.  —  The  attention  of  M*^Adam  was  directed  ex- 
clusively, as  is  evident  from  his  writings  and  his  evidence 
given  before  parliament,  to  the  smoothness  and  durability  of 
the  road,  and  to  the  ease  of  the  passengers  in  the  cairiao-es 
which  rolled  upon  it.  An  elastic  road  fulfilled  this  condition, 
provided  its  crust  were  sufficiently  impermeable  to  water. 

A  carriage  moving  on  such  a  road  seemed  as  though  it 
moved  over  velvet.  But  M'^Adam  omitted  the  consideration 
of  a  most  important  element  which  was  brought  under  in- 
Testigation  by  Telford  and  M'Neil. 

The  consideration  of  M*=Adam,  bestowed  sufficiently  upon 
the  comfort  of  the  passengers,  does  not  appear  to  have  ex- 
t^ided  to  the  horses,  and  he  does  not  seem  to  have  inquired 
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how  far  the  resistance  opposed  by  the  carriage  to  the  tractive 
power  was  affected  by  the  elasticity  of  the  road  which  excited 
his  admiration  so  much. 

This  point,  however,  received  much  attention  from  Messrs. 
Telford  and  M'Neil,  the  latter  of  whom  invented  and  applied 
an  instrument  by  which  the  average  resistance  of  different 
roads  to  the  tractive  power  was  indicated  and  registered, 
The  result  of  a  series  of  experiments,  made  upon  elastic  and 
inelastic  roads,  established,  in  a  most  satisfactory  manner, 
the  conclusion,  that  a  hard  and  unyielding  road  opposed  a  less 
resistance  to  the  tractive  power  than  an  elastic  road  such  a{ 
M'^Adam  recommended,  however  smooth  and  perfect  the 
surface  of  the  latter  might  be. 

It  is  true  that  the  motion  of  the  carriage  over  the  hard 
road  of  Telford  is  not  as  agreeable  as  its  motion  over  tlie 
elastic  road  of  M°Adam,  and  it  is  probable  (though  I  am 
not  aware  that  the  fact  has  been  established  by  experience] 
that  the  superficial  abrasion  and  wear,  with  the  same  amounij 
of  traffic,  may  be  greater  on  the  hard  than  on  the  elastic  road. 
But  if  it  be  thus,  it  is  more  than  compensated  for  by  the  saving 
effected  in  the  moving  power. 

(274.)  Effect  of  the  form  of  the  tires  of  the  wheels  on  the 
road.  —  The  resistance  produced  by  the  rolling  of  the  wheeU 
of  a  carriage  upon  a  road  is  affected,  to  a  considerable  extent, 
by  the  form  and  magnitude  of  the  tires  of  the  wheels  whicli 
press  upon  the  road.  The  tire  of  a  wheel  is,  or  ought  to  be, 
a  cylindrical  band  of  iron,  which,  as  the  wheel  progresses,  is 
applied  in  contact  with  the  road  by  a  rolling  motion.  This 
will  be  the  case  if  the  surface  of  the  tire  be  that  of  a  cylinder, 
the  geometrical  axis  of  which  is  the  centre  round  which  the 
wheel  revolves. 

The  resistance  to  the  rolling  motion  of  such  a  wheel  will 
depend  upon  the  number  and  magnitude  of  the  asperities  over 
which  it  has  to  pass,  and,  on  a  given  road,  the  number  of 
these  will  evidently  be  proportionate  to  the  breadth  of  the 
tire.  Broad  wheels  will  therefore,  in  general,  offer  more 
resistance  to  the  progressive  motion  of  the  carriage  than 
narrow  wheels. 

(275.)  Effect  of  broad  tires.  —  As,  however,  the  weight 
of  the  carriage  is,  or  ought  to  be,  distributed  uniformly  over 
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lie  surface  of  pressure,  it  follows  tluit  the  intensity  of  the 
)ressure,  at  any  point  of  the  road,  will  be  less  in  proportion 
o  the  breadth  of  the  tire ;  for  the  same  weight  with  a  broad 
ire  being  distributed  over  a  greater  surface,  the  intensity  of 
he  pressure  at  such  point  of  the  surface  will  be  propor- 
ionally  less. 

Broad  wheels,  therefore,  although  they  offer  a  greater 
distance  to  the  tractive  power,  will  produce  a  less  wear 
ipon  the  road. 

Eoad  makers  generally  agree  that,  in  heavily  laden  waggons, 
he  breadth  of  the  tires  of  the  wheels  ought  never  to  be  less 
han  four  inches,  and  that  they  would  be  better  if  constructed 
vith  a  breadth  of  six  inches ;  and  further,  that  the  proportion 
>f  weight  resting  on  each  wheel  should  not  be  greater  than 
i  ton. 

(276.)  Effect  of  double  or  triple  tires.  —  It  has  been 
generally  the  practice  to  shoe  the  wheels  with  two  or  more 
ires,  side  by  side,  instead  of  a  single  broad  tire.  This  prac- 
ice  is  injurious  to  the  road,  which  it  has  a  tendency  to  cut 
nto  grooves  corresponding  to  the  form  and  pressure  of  the 
several  tires,  whereas  a  single  broad  tire  would  act  the  part 
>f  a  roller,  and,  provided  it  were  not  overloaded,  would  have 
tendency  to  compress  and  harden  the  road. 
(277.)  Effect  of  conical  tires.  —  In  the  construction  of 
vheels  of  waggons  and  other  carriages  intended  for  the 
ransport  of  heavy  loads,  it  has  sometimes  been  the  practice 
o  give  the  surface  of  the  tires  the  form  of  a  cone  rather  than 
hat  of  a  cylinder. 

The  axle,  which  must  be  the  geometrical  axis  of  the  cone, 
3  in  this  case  bent  downwards  from  the  longitudinal  direction, 
it  such  an  angle  as  to  make  the  side  of  the  cone  rest  upon 
he  road.  The  apparent  object  of  this  expedient  is  to  give 
Fig.  96.  /f^\  a  greater  space  for  the  car- 
riage between  the  wheels 
above  the  level  of  the  axles, 
without  augmenting  the  dis- 
tance between  the  lines  of 
contact  of  the  wheels  upoa 
the  road. 
Such  an  arrangement  will  be  understood  by  the  annexed 
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diagram,  in  which  is  represented  at  b  a  wheel  with  a  cylin- 
drical tire,  and  at  A  a  wheel,  such  as  we  have  just  described, 
with  a  conical  tire. 

(278.)  Objections  to  them.  —  This  construction  of  wheels 
(b)  is  not  only  injurious  to  the  road,  but  also  opposes  an  in- 
creased resistance  to  the  tractive  power.  A  conical  wheel  ii 
set  in  motion  will  have  a  tendency  to  revolve  in  a  circle,  the 
centre  of  which  is  the  point  on  the  ground  to  which  its  axis 
is  directed. 

This  will  be  understood  if  a  common  cone,  such  as  the  eX' 
tinguisher  of  a  candlestick,  be  set  in  motion  on  a  table.  Iti 
motion  will  be  cii'cular,  and  the  same  circular  motion  woulc 
be  maintained  if,  instead  of  being  a  complete  cone,  it  wen 
truncated,  or  cut  off  at  any  point  of  its  length  ;  in  which  cas( 
tlie  truncated  part  would  I'epresent  such  a  wheel  (b)  as  ii 
here  described. 

But  this  conical  wheel  being  compelled  by  the  progressiv( 
motion  of  the  carriage  to  advance  in  a  straight  direction,  al 
parts  of  its  tire  moving  progressively  forwards  with  the  sam( 
velocity,  it  will  follow  that  its  motion  on  the  road  must  con 
sist  partly  of  a  rolling  and  partly  of  a  sliding  or  scrapin' 
motion.  This  will  be  more  clearly  understood  if  it  be  con 
sidered  that  the  diameters  of  the  circles  formed  by  differen 
parts  of  the  tire  are  of  different  lengths.  Let  us  suppos 
that  the  circumference  of  the  outer  edge  of  the  tire  measure 
fourteen  feet,  and  that  of  the  inner  ^A^^  fifteen.  Now  if  th 
carriage  be  advanced  progressively  through  fifteen  feet,  si 
that  the  inner  edge  of  the  tire  revolve  once,  applying  itsel 
to  the  road  with  the  usual  rolling  motion,  the  outer  edge  o 
the  tire  must  not  only  revolve  once,  but  must  be  carried  for 
wards  with  a  scraping  motion  through  a  part  of  the  road 
for  in  revolving  once  it  would  only  roll  owev  fourteen  feet  o 
the  road,  whereas  it  is  carried  forwards  by  the  progressiv 
motion  os^v  fifteen  feet  of  the  road.  Over  the  fifteenth  fool 
therefore,  it  must  be  can-ied  with  precisely  the  same  effec 
as  if  a  brake  were  applied  to  it. 

In  the  same  manner,  the  diiferent  parts  of  the  tire  betweei 
the  outer  and  inner  edge  being  less  in  circumference  thai 
fifteen  feet,  they  will  be  severally  carried  over  a  length  o 
the  road  equal  to  that  space  by  which  they  fall  short  oififtee-i 
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feet  in  their  length,  in  the  same  manner  as  if  a  hrake  had 
been  applied  upon  them. 

From  these  circumstances  the  injurious  effects  above  men- 
tioned obviously  ensue.  The  tire  being  more  or  less  scraped 
upon  the  road  produces  unnecessary  wear  and  abrasion  in 
the  action,  similar  to  that  of  a  brake,  and  opposes  a  consider- 
ably increased  resistance  to  the  moving  power. 

(279.)  Dished  wheels.  —  This  form  of  tire  ought  not,  how- 
ever, to  be  confounded  with  a  form  in  wheels  technically 
expressed  by  the  term  dishing.  A  dished  wheel  may,  never- 
theless, have  a  cylindrical  tire.  The  dishing  consists  in 
giving  the  spokes  the  conical  arrangement  as  they  diverge 
from  the  boxes,  so  that  the  circle  formed  by  the  tire  of  the 
wheel  ynW  have  its  centre  outside  the  circle  of  the  boxes  in 
which  the  spokes  are  inserted. 

(280.)  Narrow  tires  used  on  light  carriages  for  rapid 
motion.  —  In  the  lighter  class  of  carriages  intended  for  the 
transport  of  passengers,  where  there  is  comparatively  small 
pressure  on  the  tires,  and  where  speed  and,  consequently, 
diminished  resistance  are  paramount  objects,  the  tires  of  the 
wheels  are  made  very  narrow,  so  that  they  may  encounter 
the  least  possible  amount  of  resistance  upon  the  road. 

In  the  fastest  stage-coaches  they  are  even  made  serai- 
circular  in  their  section,  so  that,  strictly  speaking,  they  touch 
the  road  in  a  line  of  infinitely  small  breadth. 

As,  however,  the  load  upon  these  coaches  seldom  exceeds 
two  tons,  and  frequently  falls  much  short  of  that  limit,  the 
pressure  upon  each  wheel  does  not  exceed  half  a  ton.  Still 
it  must  be  admitted  that  wheels  of  this  form  have  a  tendency 
to  cut  up  the  road. 

The  nails  by  which  the  tires  of  wheels  are  secured  upon 
the  felloes  should  have  their  heads  countersunk  in  the  tires, 
so  that  the  tires  should  present  to  the  road  an  even  surface ; 
all  projecting  heads  being  not  only  injurious  to  the  road,  but 
having  a  tendency  to  augment  the  resistance  of  the  carriage 
to  the  drawing  power. 

(281.)  Advantages  of  common  stone  roads.  —  Cost  of  their 
construction.  —  Common  stone  roads  have  many  advantages 
over  other  methods  of  intercommunication,  and  they  are,  of 
all  other  methods  of  transport,  those  which  are  most  uni  • 
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versally  used,  and  which  are  most  universally  necessary. 
The  cost  of  their  construction  is  less,  in  a  considerable  ratio, 
than  any  other  species  of  road. 

(282.)  French  roads.  —  In  France,  where  they  have  been 
constructed  by  the  state,  and  where,  therefore,  there  are 
exact  reports  of  their  cost,  it  is  found  that  the  royal  roads, 
measuring  about  forty  feet  in  width,  constructed  on  the 
system  of  M'^Adam,  cost  about  twenty  thousand  francs  per 
kilometre,  which  is  about  1,400Z.  a  mile.  This  is  ahout  seven 
times  less  than  the  cost  of  canals,  din(\.  Jif teen  times  less  than 
the  average  cost  of  railways  in  the  same  country. 

Common  stone  roads  also  adapt  themselves  more  readily 
to  the  irregularities  of  the  ground  ;  they  take  less  soil  from 
profitable  cultivation  ;  and  they  are,  of  all  other  means  of  com- 
munication, those  which  are  most  capable  of  penetrating  into 
every  locality.  They  have  the  further  advantage  of  admitting 
of  a  greater  variety  of  means  of  transport. 

On  the  other  hand,  the  chief  disadvantage  which  attends 
them  is,  that  they  require  a  greater  moving  power  for  the 
transport  of  a  given  load  in  a  considerable  proportion  than 
is  necessary  by  other  and  more  improved  methods. 

(283.)  Cost  of  transport  on  them.  —  The  cost  of  transport 
upon  ordinary  roads,  in  their  ordinary  state  of  repair,  in 
France,  is  estimated  at  two  pence  per  ton  per  kilometre, 
which  is  equal  to  three  pence  and  one-third  per  ton  per 
mile,  the  rate  of  transport  being  from  fifteen  to  eighteen 
miles  a  day.  Transported  at  the  greater  speed  o^ forty  miles 
a  day,  the  cost  is  about  five  pence  half-penny  per  ton  per 
mile  ;  and  by  diligence,  at  the  rate  of  five  to  seven  miles  an 
hour,  the  cost  is  about  one  shilling  per  ton  per  mile. 

Travellers  by  this  latter  conveyance  pay  at  the  rate  of 
from  one  penny  farthing  to  two  pence  halfpenny  per  head 
per  mile,  according  to  the  places  they  occupy.  The  coaches 
which  carry  the  French  mails  have  the  average  speed  of 
about  ten  miles  an  hour,  being  the  most  rapid  conveyance  on 
common  roads.* 

*  For  a  notice  of  the  influence  of  improved  transport  on  civilisation 
and  a  retrospect  of  its  progress,  see  Railway  Economy,  chaps,  i.  and  ii. 


ORIGIN  OF  RAILWAYS.  339 

CHAPTER  IL 

ORIGIX   AST)   PKOGRESS   OF   RAILWAYS. 

(^284.)  Road  surface  must  be  adapted  to  the  tractive  power. 
—  To  be  perfect,  a  road  ought  to  possess  qualities  adapted 
to  two  species  of  action  which  are  continually  at  work  upon 
its  surface,  that  of  the  wheels  of  carriages  rolling  over  it, 
and  that  of  the  feet  of  horses  acting  upon  it,  either  in  the 
transport  of  loads,  or  in  the  drawing  of  carriages.  Now,  it 
so  happens,  that  these  two  modes  of  action  require  different 
and  even  contrary  qualities  in  the  road.  It  has  been  already 
explained  that  the  action  of  the  wheels  of  carriages  requires 
that  the  road  should  be  smooth  and  hard,  and  it  will  be  so 
much  the  more  perfect  in  relation  to  this  action,  as  these 
qualities  of  smoothness  and  hardness  are  imparted  to  it. 

(285.)  Hard  and  smooth  road  unfit  far  the  action  of  the 
feet  of  horses.  —  Now,  on  the  contrary,  a  road  absolutely 
smooth  and  hard,  or  even  smooth  and  hard  in  a  very  high 
degree,  would  be  utterly  unfit  for  the  action  of  the  feet  of 
horses. 

Such  a  road  would  not  only  shake  the  structure  of  the 
animal,  but  would  not  afford  to  his  feet  the  purchase  neces- 
sary to  give  him  progressive  motion. 

It  is  plain,  therefore,  that  a  road  must  be  to  some  extent 
rough  and  soft,  to  enable  horses  to  act  upon  it. 

A  road,  then,  cannot  be  perfect,  or  even  nearly  perfect,  for 
both  purposes. 

(286.)  Common  roads  imperfectly  adapted  both  to  the 
".arriage  and  the  tractive  power.  —  In  common  broken  stone 
roads  a  compromise  between  the  two  principles  is  made. 
They  are  rendered  as  smooth  and  hard  as  is  compatible  with 
the  preservation  of  the  health  and  soundness  of  the  horses 
»?hich  act  upon  them. 

(287.)  Streets  of  towns  more  adapted  to  carriages  than  to 
horses.  —  In  towns,  where  the  labour  of  the  animal  is  not 
50  incessant  as  in  the  performance  of  long  journeys  over 
x>mmon  roads,  the  qualities  demanded  by  the  wheels  are 
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more  looked  to  than  those  required  by  the  horses.  The 
streets  are  accordingly  paved  so  as  to  enable  the  carriages  to 
roll  on  them  with  less  resistance  than  on  a  road  of  broken 
stone.  This  pavement  is  more  injurious  to  the  horses,  but 
this  is  a  necessity  imposed  by  the  conditions  of  the  case. 

(288.)  Various  expedients  for  improving  pavement.  —  In- 
numerable experiments  have  been  resorted  to,  especially  in 
the  much  frequented  thoroughfares  of  great  cities,  to  com- 
bine in  the  construction  of  the  road,  the  incompatible  qualities 
just  referred  to,  demanded  by  the  action  of  the  w^ieels,  and  by 
that  of  the  horses.  Independently  of  its  injurious  effect  upon 
the  animal  power,  stone  pavement  has  the  further  disadvan- 
tage in  towns  of  producing  a  nuisance  by  noise,  not  only  to 
the  foot  passengers,  but  to  the  inhabitants  of  the  streets. 
It  is  well  known  that  in  the  front  rooms  of  houses  in  Fleet 
Street,  the  Strand,  and  Holborn,  in  London,  and  in  the  Rue 
de  Rivoli  and  the  Rue  St.  Honore,  in  Paris,  and  in  general 
in  the  leading  thoroughfares  of  other  great  cities,  persons 
cannot  hear  each  other  speak  with  the  windows  open ;  and, 
even  with  the  windows  closed,  the  noise  of  the  streets  is  a 
serious  inconvenience. 

(289.)  Macadamisation  adopted  to  prevent  the  intoler- 
able  noise.— Its  inconvenience.  —  An  expedient  was  resorted] 
to  to  remedy  this  inconvenience  by  Macadamising  some  of 
these  thoroughfares.  This,  however,  was  found  to  be  sub- 
ject to  the  inconvenience  of  mud  in  wet,  and  dust  in  dry 
weather  ;  independently  of  which,  a  Macadamised  road  was 
found  to  be  worn  out  so  rapidly  under  heavy  traffic  as  to 
require  constant  and  inadmissibly  expensive  repair. 

(290.)  Wood  pavement.  —  Its  inconvenience.  —  Another 
expedient  was  resorted  to  from  which  sanguine  hopes  were 
at  first  entertained.  Instead  of  paving  the  streets  with 
square  blocks  of  stone,  a  floor  of  carpentry  was  laid  down, 
consisting  of  accurately  formed  blocks  of  wood  properly 
jointed  together. 

This  expedient  also  failed.  Among  other  inconveniences 
which  attended  it  was  one  that  might  have  been  anticipated. 
Although  it  was  not  too  hard  for  the  action  of  the  feet  of 
horses,'*nor  even,  strictly  speaking,  too  smooth,  it  was  dan-' 
gerously  slippery  when  a  little  moistened  by  rain,  and  in  fine. 
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it  proved  that  it  did  not  afford  sufficient  purchase  for  the 
horses'  feet. 

Independently  of  this,  the  structure  of  the  flooring  soon 
gave  way  under  the  traffic,  and,  when  once  deranged,  the 
road  became  intolerably  bad.  The  experiment,  as  is  well 
known,  has  been  tried  without  success  in  London.  It  has 
equally  failed  in  New  York. 

(291.)  Wood  pavement  in  Paris.  —  In  particular  places 
its  use  is  still  continued  to  a  limited  extent.  The  road  pass- 
ing along  the  Rue  de  Richelieu,  near  the  Theatre  Fran^ais, 
in  Paris,  is  floored  with  a  wood  pavement,  the  noise  of 
stone  pavement  being  found  inconvenient  to  the  audience. 
Although  the  length  of  this  pavement  does  not  exceed  some 
hundred  feet,  and  it  is  kept  in  perfect  repair,  accidents  are 
frequent,  owing  to  the  horses  slipping  upon  it.  A  thin  stra- 
tum of  sand  is,  from  time  to  time,  thrown  upon  it,  which  in 
some  degree  counteracts  this  effect. 

(292.)  Expedient  of  making  separate  parts  of  the  road 
for  the  wheels  and  for  the  horses.  —  The  question  whether 
both  qualities  may  not  be  imparted  to  the  same  road,  the 
smoothness  and  hardness  necessary  for  the  wheels,  and  the 
roughness  and  softness  necessary  for  the  horses,  by  making 
separate  roads  or  paths  for  the  wheels  and  horses,  is  one 
which  could  not  fail  to  suggest  itself  at  an  early  period  in 
the  progress  of  the  art  of  transport.  It  was  sufficiently  evi- 
dent that  wheel  tracks  might  be  laid  down  at  a  width  corre- 
sponding to  the  distance  between  the  wheels  of  common 
carriages,  a  horse-path  being  made  between  them. 

(293.)  Wooden  tracks  for  wheels.  —  This  was  the  funda- 
mental idea  of  a  railway.  At  a  very  early  period,  an  ex- 
pedient of  this  kind  was  used  in  stone  quarries,  where  tracks 
were  made  by  laying  down  beams  of  timber  for  the  wheels 
of  trucks  and  waggons  to  roll  upon,  the  path  for  the  horse 
being  left  between  them. 

By  this  expedient,  the  resistance  of  the  waggons  was 
diminished  in  a  very  considerable  ratio,  and  the  efficacy  of 
the  animal  power  proportionately  increased. 

(294.)  Flagstone  tracks —  used  in  cities  of  Italy.  —  Tracks 
formed  of  flagstones  are  harder  still  and  more  durable  than 
timber.    This  expedient  was  also  adopted  extensively,  and 
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even  at  a  much  earlier  epocli  than  that  which  has  just  been 
adverted  to.  Stone  trackways  for  wheels  were  used  by  the 
Romans,  and  in  several  of  the  Italian  cities  the  same  expe- 
dient has  long  been  and  still  is  in  use.  Flag  trackways  are 
seen  in  several  of  the  streets  of  Milan,  Florence,  and  other 
Italian  towns. 

(295.)  Commercial  Road,  Whitechapel.  — .  A  well-known 
case  of  this  is  presented  in  London.  The  Commercial  lload, 
running  from  Whitechapel  to  the  West  India  Docks,  was  laid 
down,  in  1829,  with  wheel  tracks  formed  of  large  blocks  of 
granite,  five  or  six  feet  in  length,  sixteen  inches  wide,  and 
twelve  inches  deep,  the  space  between  these  blocks  being 
paved  to  form  a  horse  path.  It  was  found  that  the  resistancf 
offered  by  this  road  to  a  well -constructed  loaded  waggon  w  :i- 
not  more  than  the  180th  part  of  the  load,  being  about  one- 
fifth  of  the  resistance  offered  by  a  good  Macadamised  road. 

(296.)  Iro7i  tramways.  —  It  is  obvious  that  tracks  formed 
of  iron  plates  would  offer  still  less  resistance,  in  proportion  to 
their  greater  smoothness  and  hardness,  than  stone ;  but  if 
such  were  used,  the  cost  of  the  material  would  render  it 
necessary  that  they  should  be  of  limited  width. 

Now  if  they  were  of  limited  width  the  wheels  would  have 
a  constant  tendency  to  run  off  at  the  one  side  or  the  other, 
owing  to  the  action,  inevitably  irregular,  of  the  tractive  power. 
If  iron  were  used,  therefore,  some  expedient  should  be  adopted 
to  confine  the  wheels,  so  as  to  prevent  them  from  escaping 
laterally  from  the  plates. 

This  would  be  accomplished  if  grooves  lined  with  iron 
were  laid  down  upon  the  road  for  the  wheels  to  run  in ;  but 
it  is  evident  that  one  side  only  of  such  grooves  would  be 
necessary.  The  inner  side  of  the  groove  provided  for  the 
wheels  on  the  left  Avould  prevent  the  waggon  deviating  to 
the  right,  and  the  inner  side  of  the  groove  provided  for  the 
wheels  on  the  right  would  prevent  the  carriage  deviating  to 
the  left. 

The  object,  therefore,  was  attained  by  casting  on  the  side  of 
the  iron  plate  on  which  the  wheel  was  intended  to  roll,  a  ledge 
of  iron,  which,  when  the  plate  was  laid  down,  would  have  a 
tendency  to  press  on  the  inside  of  each  wheel.  In  this  w^ay 
the  wheels  on  the  right-hand  side  of  the  carriage  were  pre- 
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vented  from  escaping  from  the  plate  towards  the  left,  and,  in 
like  manner,  the  wheels  on  the  left-hand  side  of  the  carriage 
were  prevented  from  escaping  on  the  right. 

Iron  trackways,  constructed  in  this  manner,  were  laid  down 
at  an  early  period  in  all  the  mining  districts,  and  especially 
in  the  coal  districts.  This  species  of  railroad  was  called  a 
Tramway.  One  of  the  earliest  of  these  was  constructed  at 
the  great  foundry  of  Colebrook  Dale,  in  Shropshire,  in  1767. 
The  rails  in  this  case  were  made  of  cast  iron. 

(297.)  Inconvenience  attending  them.  —  One  of  the  many 
objections  to  this  system  was,  that  the  rail  was  liable  to  be 
constantly  covered  with  dust  or  gravel,  or  other  impediments, 
which  had  the  eifect  of  augmenting  the  resistance,  so  as  to 
render  the  rails  little  better  than  a  common  road. 

(298.)  The  edge  rails.  —  The  next  great  step  in  the  pro- 
gress of  railways  consisted  in  applying  the  ledge,  which 
checked  the  lateral  motion  of  the  carriage,  and  prevented  its 
escape  from  the  rail,  to  the  wheel  instead  of  the  rail.  The 
tire  of  the  wheel  was  constructed  with  a  projecting  ledge  or 
flange  on  the  inside,  while  the  rail  on  which  the  wheel  rested 
was  constructed  without  such  a  flange. 

"When  the  wheel  rested  upon  the  rail,  the  flange  of  the 
wheel  descended  below  the  surface  of  the  rail,  on  the  inside 
of  it. 

Thus,  the  flange  of  the  left-hand  wheel  prevented  the 
escape  of  the  carriage  to  the  left,  while  the  flange  of  the  right- 
hand  wheel  prevented  its  escape  to  the  right. 

The  rails  in  this  case  are  elevated  sufficiently  to  leave 

room  for  the  flanges  to 


Fig.  97. 


(299.)    Their  various  forms. - 
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descend  below  their  sur- 
face on  the  inside. 

A  pair  of  such  flanged 
wheels  resting  on  the 
rails  is  presented  in  the 
annexed  figure,  where  A 
represents  the  tire,  and  b 
the  flange  formed  upon 
it.  RK  represent  the 
rails. 
The  form  given  to  these 
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rails  has  been  very  various,  according  to  the  loads  they  have 
to  bear,  and  the  manner  in  which  they  are  supported.  In 
some  cases  they  have  been  mere  bars  of  iron,  fastened  by 
nails  to  planks  of  timber ;  but  in  the  best  constructed  rail- 
ways, such  as  those  in  operation  in  most  parts  of  Europe, 
they  are  bars  of  rolled  iron  of  considerable  weight  and 
strength,  the  section  of  which  resembles  the  letter  x,  from 
PI    9g  which  they  are  sometimes   called 

the  T  rail.     The  transverse  section 
of  one  of  these  is  represented  in 
the  annexed  figure,  where  t  is  the 
upper  surface  of  the  rail  on  which 
the  wheel  rolls. 
The   weight   of    these   varies   from   fifty  to    seventy  or 
eighty  pounds  per  yard,  according  to  the  traffic  expected 
upon  the  road,  and  to  the  distance  between  their  points  of 
support. 

(300.)  Chah's.  —  The  rails  are  supported  on  props  called 
chairs,  one  of  which  is  represented  in  section  in  the  figure. 
The  distance  between  these  chairs  is  more  or  less,  according 
to  the  strength  of  the  rail.  Seventy-five  pound  rails  are  often 
supported  on  chairs  at  five  feet  asunder,  sixty  pound  rails  on 
chairs  at  four  feet  asunder,  and  so  on. 

(301.)  Sleepers.  —  The  chairs  themselves  are  now  usually 
supported  on  beams  of  wood  called  sleepers,  which  extend 
across  the  road  at  right  angles  to  the  rails,  and  which  also 
serve  the  purpose  of  keeping  the  rails  in  gauge,  which  means, 
to  preserve  them  at  the  proper  width. 

(302.)  Stone  blocks.  —  When  the  modern  railways  were 
first  brought  into  general  operation,  after  the  construction  of 
the  Liverpool  and  Manchester  line,  the  chairs  were  attached 
to  large  stone  blocks,  each  chair  being  supported  on  a  separate 
block.  These  blocks  were  usually  two  feet  square  and  one 
foot  deep.  Transverse  sleepers  of  timber  were  only  used  on 
embankments  where  the  ground  was  expected  to  subside  and 
settle,  and  where,  consequently,  the  rails  would  require  to  be 
re-adjusted  from  time  to  time.  These  sleepers  were  regarded 
as  merely  temporary  expedients,  to  be  finally  replaced  by 
stone  blocks. 

(303.)    Why   discontinued.  —  Experience,   however,    soon 
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proved,  what,  indeed,  ought  to  have  been  foreseen,  that  the 
wooden  sleepers  were  much  better  permanent  supports  for 
the  rails  than  stone  blocks,  and  they  have  accordingly,  in 
general,  superseded  them. 

(304.)  First  railways  constructed  in  the  collieries. — Rail- 
ways constructed  upon  this  principle  were  in  operation  to- 
wards the  close  of  the  last  century,  in  most  of  the  principal 
collieries  in  the  north  and  west  of  England.  In  some  cases 
their  application  was  limited  to  the  transport  of  the  coals 
from  the  mouth  of  the  pit  to  the  port  of  shipment,  and  this 
being,  in  general,  a  declivity,  the  load  moved  down  the  rail- 
way by  its  gravity,  without  the  application  of  any  moving 
power,  and  when  the  declivity  had  sufficient  steepness  for 
the  purpose,  the  loaded  waggon,  in  descending,  drew  up  the 
empty  waggons  by  means  of  a  rope  passing  round  a  pulley 
at  the  summit  of  the  inclination.  In  some  cases  the  decli- 
vity was  not  sufficiently  steep  for  this,  and  then  it  was 
necessary  to  apply  either  horse  power  or  steam  power  to 
draw  the  empty  waggons  up. 

(305.)  Stockton  and  Darlington  Railway.  —  The  first 
case  of  the  application  of  railways  to  the  purpose  of  general 
traffic  and  in  particular  to  the  transport  of  passengers,  was 
that  of  the  Stockton  and  Darlington  Railway,  which  was 
completed  in  1825,  and  the  length  of  which  was  thirty-seven 
miles.  This  line  was  worked  by  horses.  The  advantages, 
as  compared  with  common  roads,  were  rendered  very  appa- 
rent, one  horse  being  able  to  do  more  than  the  work  of  four 
horses,  but  still  the  countervailing  disadvantages  were  found 
to  be  so  serious  that  no  extension  of  the  application  took 
place. 

(306.)  Origin  of  the  Liverpool  and  Manchester  Railway. 
—  Canal  monopoly. — While  these  improvements  in  railways 
were  in  progress  in  the  mining  districts,  the  commerce  of 
England,  increasing  in  a  rapid  proportion,  had  begun  to 
feel  the  insufficiency  of  the  means  of  internal  transport 
supplied  to  it  by  the  canals,  then  almost  the  only  available 
means. 

The  Bridgewater  Canal,  which  was  commenced  about  the 
year  1767,  was  attended,  as  is  well  known,  with  great  ad- 
vantage to  its  proprietors,  and  other  companies  were  soon 
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formed,  by  whose  enterprise  and  capital  was  constructed  the 
extensive  system  of  inland  navigation  which  soon  overspread 
the  country,  and  served  the  purposes  of  commerce. 

Protected  from  all  competition  by  the  imperfect  nature 
of  the  public  roads  and  the  injurious  operation  of  the  turn- 
pike tolls,  these  companies  soon  monopolised  the  entire 
inland  traffic  of  England,  and  began  to  realise  immense 
profits.  It  was  in  vain  that  rival  lines  of  water  communi- 
cation were  in  some  instances  constructed.  The  instinct  of 
common  interest  soon  produced  a  combination  of  the  com- 
panies, extinguished  competition,  and  left  the  public  victims 
to  monopoly  and  exorbitant  prices. 

The  commerce  of  England  supported  this  system  of  ex- 
tortion long  and  patiently.  It  was  not  forgotten  by  the 
merchants  and  manufacturers  that,  before  the  construction 
of  the  canals,  they  had  no  practicable  means  whatever  for 
internal  traffic  ;  and  the  companies  were  allowed  to  continue 
in  the  enjoyment  of  their  revenues.  At  length  security 
engendered  negligence.  The  service  of  transport  was  not 
only  extravagantly  charged  for,  but  ill  performed.  Petitions 
were  presented  to  parliament  in  1825,  in  which  it  was 
stated,  and  evidence  offered,  that  the  cotton  which  was 
transported  three  thousand  miles  across  the  Atlantic,  from 
New  York  to  Liverpool,  in  twenty  days,  took  six  weeks  to  be 
carried  from  Liverpool  to  the  mills  of  the  spinners  at  Man- 
chester—  a  distance  of  only  thirty  miles!  This  was  more 
than  even  the  phlegmatic  temperament  of  Englishmen  could 
endure,  and  it  was  resolved  to  construct  a  railway  to  perforin 
the  service. 

Roused  from  their  apathy,  the  wealthy  and  powerful  canal 
companies  at  once  resolved  to  propitiate  the  merchants  by  a 
reduction  of  their  tariff.  It  was,  however,  too  late.  The 
decision  was  taken  :  the  new  project  had  been  well  consi- 
dered, and  its  advantages  were  rendered  too  plain.  Con- 
ciliation failing,  and  compromise  rejected,  the  inland  navi- 
gation interest  rallied  its  partisans  in  parliament  to  oppose 
the  act  authorising  the  construction  of  the  railway,  and  for 
two  years  succeeded.  The  commerce  of  Liverpool  and 
Manchester,  however,  was  too  deeply  involved  in  the  enter- 
prise to  submit  to  be  repulsed,  and  at  length,  in  the  year 
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1828,  the  act  to  incorporate  the  railway  company  received 
the  royal  assent. 

Such  was  the  origin  of  that  singular  advancement  in  the 
art  of  transport  over  land,  which  has  formed  so  remarkable 
an  event  in  the  present  age,  and  which  has  spread  its  influ- 
ence, more  or  less,  over  all  that  portion  of  the  terrestrial 
globe  to  which  civilisation  has  extended.  The  unprecedented 
degree  in  which  capital  has  been  attracted  to  this  improve- 
ment, the  extraordinary  manner  in  which  it  has  engrossed 
the  attention  of  every  enlightened  people,  and  more  especially 
that  of  our  own  country,  the  great  interests  which  are  con- 
sequently involved  in  it,  and,  above  all,  the  imperfect  means 
of  information  which  have  been  afforded  to  the  public  re- 
specting it,  combine  to  render  it  a  subject  of  the  most  pro- 
found interest. 

(307.)  First  intended  only  for  the  transport  of  mer' 
chandise.  —  As  originally  designed,  the  sole  object  of  the 
Liverpool  and  Manchester  Railway  was  the  transport  of 
merchandise  between  these  important  towns.  Manchester, 
a  great  manufacturing  district,  received  its  raw  material 
from  distant  quarters  of  the  globe  by  the  port  of  Liverpool ; 
and,  on  the  other  hand,  shipped  at  the  same  port  the 
manufactured  produce  of  its  mills  and  factories  to  its  cus- 
tomers in  every  part  of  the  world.  The  reciprocal  trans- 
mission of  these  articles  was  the  main  object  to  which  the 
new  company  looked,  as  the  means  of  affording  an  adequate 
return  for  the  capital  they  were  about  to  expend. 

(308.)  Question  of  the  moving  power  to  be  used  upon  it. — 
As  the  enterprise  advanced  towards  completion,  the  method 
of  conducting  the  traffic  upon  it  came  to  be  considered. 
The  project  was  originally  regarded  as  an  ordinary  road, 
and  the  owners  were  authorised  to  demand  toll  from  all  who 
might  desire  to  transport  goods  upon  it.  This  method  of 
proceeding  would  have  been  admissible,  if  the  line  were  to 
be  worked  by  horse  power  like  a  common  road ;  and  such, 
at  one  time,  was  the  view  of  the  matter  taken  by  many  who 
were  interested  in  it.  The  engineer,  however,  Mr.  George 
Stephenson,  who  had  been  employed  to  make  the  line,  re- 
commended the  use  of  steam  as  an  agent  superior  in  economy 
and  efficiency  to  animal  power. 

Q  6 
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(309.)  Locomotive  or  stationary  steam  power.  —  There 
were  two  methods  in  which  the  agency  of  steam  might  be 
used.  A  rope  might  be  carried  on  rollers  along  the  line 
between  the  rails,  to  which  the  waggons  containing  the  mer- 
chandise might  be  attached ;  and  this  rope  being,  at  certain 
stations,  coiled  round  large  drums  or  cylinders,  the  waggons 
might  be  drawn  from  station  to  station  by  fixed  steam 
engines,  applied  to  keep  these  drums  or  cylinders  in  revo- 
lution.    Such  was  called  the  system  of  stationary  engines. 

The  second  method  was  that  of  smaller  and  lighter 
engines,  which  should  be  provided  in  greater  number,  and 
which  should  travel  with  the  load  as  horses  do  with  a 
waggon.     This  was  called  the  system  of  locomotive  engines. 

(310.)  Reports  of  engineers.  —  Horse  power  being  defini- 
tively rejected,  the  choice  between  these  two  systems  of  steam 
power  was  doubtful,  and  the  directors  of  the  company  were  . 
divided  in  opinion  upon  it.  It  was  accordingly  agreed  that 
the  best  and  most  experienced  practical  engineering  autho-^" 
rities  should  be  commissioned  to  inquire  and  report  upon  the 
question.  Accordingly,  in  the  spring  of  1829,  Messrs.  George 
Stephenson,  Joseph  Locke,  James  Walker,  and  John  U. 
Rastrick,  all  professionally  conversant  with  railways  and 
steam  power,  were  appointed  to  visit  the  difierent  coal  dis- 
tricts, and  collect  information  on  the  subject.  The  result 
was  a  report  inclining  in  favour  of  the  locomotive  system, 
which  at  length,  and  not  without  much  hesitation  and  doubt, 
it  was  decided  to  adopt. 

(311.)  Passenger  traffic  suggested.  —  Hitherto  the  trans- 
port of  passengers  on  the  proposed  railway  had  not  entered 
into  the  contemplation  of  the  projectors,  or,  if  it  did,  it  was 
regarded  as  practicable  only  to  a  limited  extent,  and  as  alto- 
gether secondary  to  the  traffic  in  merchandise.  It  was  now, 
however,  suggested  that  locomotive  engines  might  possibly 
be  so  constructed  as  to  draw  the  waggons  with  a  speed  of  ten 
or  twelve  miles  an  hour  !  and,  in  that  case,  that  it  was  worth 
Avhile  to  consider  whether  the  passenger  traffic  between  Liver- 
pool and  Manchester  might  not  be  attracted  to  the  railway. 

(312.)  Incredulity  of  engineers  as  to  the  capabilities  of 
locomotive  engines.  —  Decisive  experiment.  —  It  is  curious  to 
observe,  now  that  the  consequences  of  this  great  enterprise 
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are  before  the  world,  how  completely  they  were  unforeseen. 
The  idea  of  a  steam  engine  drawing  a  load  twelve  miles  an 
hour  (which  was  thrown  out  with  some  timidity  by  Mr. 
Stephenson)  was  received  with  ridicule  by  most  of  his  en- 
gineering contemporaries.  One  well-known  writer  on  rail- 
ways, who  resided  in  the  midst  of  a  coal  country,  and  under 
whose  windows  locomotives  had  been  working  for  years,  in- 
dignantly disavowed  any  participation  in  such  extravagant 
speculations,  and  has  left  his  disclaimer  on  record  in  a  pub- 
lished work.  He  begged  "  that  he  might  not  be  confounded 
with  those  hot-brained  enthusiasts  who  maintained  the  possi- 
bility of  carriages  being  drawn  by  a  steam  engine  on  a  rail- 
way at  such  a  speed  as  twelve  miles  an  hour !"  Within  a  few 
months  after  the  publication  of  this  remarkable  disclaimer, 
amidst  the  incredulity  and  ridicule  of  the  majority  of  the  en- 
gineering profession,  and  to  the  astonishment  of  the  scientific 
world,  the  railway  was  traversed  by  the  'Kocket'  with  a 
speed  of  upwards  of  twenty -nine  miles  an  hour. 

(313.)  Opening  of  the  railtcay.  —  Passenger  traffic  en- 
grossed by  it. — This  fact  altogether  changed  the  aspect  of 
the  enterprise.  It  was  evident  now  that  the  projectors  had 
at  their  feet  the  traffic  in  passengers,  the  most  profitable 
species  of  transport ;  and  that  goods,  hitherto  regarded  as 
the  chief  source  of  profit,  must  take  a  subordinate  place. 
The  railway  was  opened  to  the  public  in  1830  ;  and  imme- 
diately, of  the  thirty  stage-coaches  which  had  previously 
run  daily  between  Liverpool  and  Manchester,  one  only  re- 
mained on  the  road ;  and  that  was  supported  solely  by  pas- 
sengers to  intermediate  places  not  lying  in  the  direction  of 
the  railway. 

(314.)  Vast  increase  of  this  traffic.  —  The  comparatively 
low  fares  and  extraordinary  expedition  offered  by  the  rail- 
way had  the  effect  which  might  have  been  expected.  Pre- 
viously, the  number  of  travellers  daily,  by  the  coaches,  was 
about  five  hundred ;  it  was  immediately  augmented  above 
three-fold.  Sixteen  hundred  passengers  per  day  passed  be- 
tween these  towns.  If  the  traffic  in  passengers  exceeded  all 
anticipation,  the  transport  of  goods,  on  the  contrary,  fell  short 
of  what  was  expected.  The  canal  lowered  its  tariff  to  the 
level  of  the  railway  charges  and  increased  its  speed  and  its 
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attention  to  the  accommodation  of  customers.  The  canal, 
moreover,  winding  through  Manchester,  washed  the  walls  of 
the  warehouses  of  the  merchants  and  manufacturers.  At  the 
other  end  it  communicated  directly  with  the  Liverpool  docks. 
The  goods  were  therefore  received  directly  from  the  ship, 
and  delivered  directly  to  the  warehouse,  or  vice  versa ;  with- 
out the  cost,  delay,  and  inconvenience  of  intermediate  tran- 
shipment and  cartage.  These  considerations  went  far  to 
counterbalance  the  superior  speed  of  the  railway  transit  for 
goods ;  yet,  notwithstanding  this  inconvenience  and  obstruc- 
tion, the  company  soon  found  themselves  c.irriers  of  mer- 
chandise at  the  rate  of  a  thousand  tons  per  day. 

(315.)  Rapid  construction  of  other  lines.  —  Thus,  the 
problem  of  the  rapid  transport  of  passengers  by  steam  on 
railways  was  solved  in  1830,  and  the  profitable  character  of 
the  enterprise  soon  became  apparent.  Dividends  of  10  per 
cent,  were  declared,  and  the  shares  were  greedily  bought  up 
at  120  per  cent,  premium.  Then  followed  in  rapid  succession 
those  results  which  must  necessarily  have  ensued.  Other 
lines  of  railway,  connecting  the  chief  centres  of  population 
and  industry  with  the  metropolis,  and  with  each  other,  were 
projected.  In  the  four  years  which  elapsed  from  1832  to 
1836,  about  450  miles  of  railway  were  completed,  and  350 
miles  were  in  progress  of  construction. 

Remarkable  deficiency  of  engineering  skill.  —  INIeanwhile, 
the  practical  skill  and  the  experience  of  the  engineering 
profession  did  not  keep  pace  with  the  increasing  demands 
of  the  public,  and  the  avidity  of  capitalists.  Enterprises 
were  pushed  forward  before  time  had  ripened  the  results  of 
the  earlier  attempts  into  general  principles ;  and  it  was  still 
undecided  on  what  plan  and  by  what  methods  these  novel  lines 
of  intercommunication,  and  the  machinery  to  work  upon  them, 
might  best  be  constructed.  The  very  limited  number  of  en- 
gineers who,  having  already  been  employed  in  the  coal  dis- 
tricts of  the  northern  counties,  were  presumed  to  have  had 
some  experience  in  railway  works,  were  soon  engrossed  to 
the  full  extent  of  their  time  and  powers.  Great  enterprises, 
consequently,  fell  under  the  superintendence  of  persons  hav- 
ing neither  the  peculiar  knowledge  nor  experience  which 
they  required.    It  was  fortunate  for  the  country  that  the  first 
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important  line  of  railway  had  been  intrusted  to  the  consum- 
mate practical  skill  and  experience  of  'Mi.  George  Stephen- 
son. The  Liverpool  and  Manchester  line,  which  will  descend 
to  succeeding  ages  as  a  monument  to  his  memory,  happily 
served  as  a  model  railway  for  those  which  more  immediately 
succeeded  it.  His  son  and  his  pupils  were  intrusted  with 
the  execution  of  several  of  the  most  important  lines ;  and 
the  same  successful  results  which  had  attended  the  first 
railway,  were  secured  for  those  which  came  into  operation 
afterwards. 

In  other  cases,  however,  the  superintendence  of  great 
enterprises  fell  into  less  scrupulous  and  more  presumptuous 
hands.  The  rashness  of  ignorance  and  inexperience  prompted 
the  adoption  of  fantastic  novelties,  which  had  no  discoverable 
purpose  save  the  acquisition  of  notoriety ;  and  the  spurious 
reputations  thus  obtained,  combined  with  some  tact  in  the 
management  of  boards  of  directors,  led  to  results,  the  penalty 
for  which  has  since  been  paid  in  the  shape  of  large  calls, 
heavy  loans,  and  small  dividends.  Such  cases,  however,  have 
been  only  exceptional ;  and,  on  the  whole,  the  country  and 
the  world  have  reason  to  rejoice  that  an  improvement  so  ex- 
tensive and  sudden  has  been  effected  with  so  few  important 
failures  and  drawbacks.* 

(316.)  Improvements  attained  through  a  succession  of 
errors.  —  It  was  impossible  for  any  human  skill  or  foresight 
to  provide,  in  a  series  of  enterprises  so  novel,  against  all  the 
contingencies  which  must  arise  in  their  practical  operation. 
We  accordingly  find,  in  tracing  their  progress,  the  same 
gradual  advancement  through  a  series  of  errors,  which  has 
marked  the  progress  of  every  improvement  in  the  arts  and 
sciences.  When  the  Liverpool  and  Manchester  line  was  in 
progress  of  construction,  a  form  of  rail,  called  the  "  fish-bellied" 
rail,  had  acquired  much  favour  among  engineers ;  and  great 
praises  were  lavished  on  the  scientific  perfections  of  its  form, 
iu  which  the  varying  strength  was  so  beautifully  adapted  to 

♦  So  great  was  the  ignorance,  even  among  the  most  eminent  engineers, 
respecting  railways  and  their  machinery,  so  recently  as  1837-8,  that  one 
gentleman  in  the  highest  rank  of  the  profession,  being  examined  before 
a  committee  of  the  House  of  Commons  was  unable  to  say  whether  the 
wheels  of  locomotives  turned  with  their  axles  or  upon  them  ! 
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the  varying  action  of  the  loads  which  passed  upon  it.  The 
railway  was  accordingly  laid  down  with  "  fish-bellied"  rails. 
Experience,  however,  soon  showed  that  the  form  so  beautiful 
in  theory  was  most  defective  in  practice  ;  and  these  rails 
have  since  been  consigned  to  a  place  in  the  history  of  engi- 
neering, the  original  "  parallel"  rail  having  superseded  them 
in  all  parts  of  the  world. 

The  proper  weight  and  strength  of  the  rails  was  as  little 
foreseen  as  their  form.  The  Liverpool  and  Manchester  line 
was  originally  laid  with  rails  weighing  thirty-five  pounds  per 
yard.  This  has  been  increased  successively  from  year  to 
year  to  forty,  fifty,  sixty,  and  even  to  eighty  pounds.  The 
distance  between  the  supports  has  been  likewise  varied. 
Forty  pound  rails  on  three  feet  bearings,  sixty  pound  rails 
on  four  feet  bearings,  and  seventy-five  pound  rails  on  five 
feet  bearings,  have  been  adopted  on  different  railways,  and 
on  different  parts  of  the  same  railway.  The  nature  of  the 
supports  themselves  has  undergone  a  revolution.  Originally 
the  rails  were  sustained  on  square  stone-blocks,  measuring 
two  feet  on  the  side,  and  twelve  inches  deep.  Cross  sleepers 
of  timber  were  only  used  as  temporary  supports  on  embank- 
ments, until  their  settlement  and  consolidation  should  be 
effected  by  time  and  work.  The  stone  blocks  are,  however, 
now  every  where  abandoned,  and  the  cross  sleepers  of  timber 
permanently  and  universally  established. 


CHAPTER  III. 

STRUCTURE  AND  OPERATION  OF  THE  LOCOMOTIVE 
ENGINE. 

(317.)  The  tractive  power  requires  a  reacting  surface.  — 
Whatever  power  be  used  to  draw  or  impel  a  load  upon 
the  surface  of  a  road,  some  adequate  expedient  must  be  pro- 
vided to  enable  such  power  to  react  upon  the  road  with  a 
force  equal  to  the  momentum  imparted  to  the  load.     Such 
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rtiction  is  indispensable  according  to  the  established  laws  of 
mechanics  It  is  a  universal  principle  of  physics  that  a 
moving  force  cannot  be  imparted  to  any  mass  of  matter  in 
anv  one  direction,  without  at  the  same  time  imparting  an 
etjual  moving  force  to  some  other  mass  of  matter  in  the 
contrary  direction.  In  the  case  of  a  load  transported  over 
*  surface  of  the  earth,  this  force  of  reaction  is  imparted 
he  earth  itself,  the  immense  comparative  magnitude 
::  ^vhich  renders  it  inappreciable.  It  is  not,  however,  the 
lt-~-  real. 

N'hatever,  therefore,  be  the  moving  power,  the  road  upon 
h  it  acts  must  be  such  as  to  enable  it  to  afford  the  re- 
a  thus  indispensable  to  the  progressive  motion  of  the 
Muud.     In  the  case  of  animal  power,  the  reaction  is  effected 
by  the  feet  of  the  horses,  or  other  animals,  which  draw  the 
load.     The  road  must  therefore  be  sufficiently  rough  to  pre- 
vent the  feet  from  slipping  backwards,  and  thus  failing  to 
receive  the  necessary  power. 

(318.)  The  reaction  of  the  engine  acts  upon  the  rails. — 
In  the  application  of  mechanical  power,  the  method  of  re- 
action which  naturally  suggested  itself  was  by  means  of  the 
wheels  themselves.  The  moving  power  was  made  to  act 
upon  the  wheels  either  by  a  crank  or  winch,  an  endless  band, 
or  some  other  of  the  well-known  contrivances  for  imparting 
I  motion  of  rotation. 

The  wheel  once  put  in  rotation,  provided  it  did  not  slip 
upon  the  road,  must  make  the  carriage  advance  through  a 
space  equal  to  that  portion  of  the  tire  of  the  wheel  which 
revolves.  One  revolution  of  the  wheel  would,  therefore,  carry 
forward  the  carriage  through  a  space  equal  to  the  circum- 
ference of  the  wheel.  But  if  the  purchase  of  the  wheel  upon 
the  road,  or  upon  the  rail,  was  insufficient  for  such  reaction, 
then  the  wheel  would  slip  upon  the  road  or  rail,  and  would 
revolve  without  causing  any  progressive  motion  of  the 
carriage. 

The  moving  power  would  in  such  case  be  expended 
upon  the  friction  produced  between  the  slipping  or  sliding 
dre  of  the  wheel  and  the  road  or  the  rail. 

(319.)  The  purchase  of  the  wheel  on   the  rail  is  pro^ 
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portionate  to  the  loeight  upon  the  wheel.  —  The  purchase  of 
the  wheel  upon  the  rail,  other  things  being  the  same,  would 
be  proportionate  to  the  weight  resting  upon  the  wheel.  By 
augmenting  that  weight  therefore,  the  power  of  reaction 
would  be  proportionately  increased. 

(320.)  Manner  in  which  the  steam  engine  imparts  motion 
to  the  driving  ^vheel  by  connecting  rod  and  cranks  on  axle. — 
The  manner  in  which  the  power  of  steam  is  made  to  impart 
revolution  to  the  wheel  of  a  carriage  does  not  differ  in 
principle  from  that  in  which  it  keeps  the  ordinary  fly-wheel 
of  a  steam  engine  in  motion.  The  piston,  which  is  driven 
backwards  and  forwards  by  the  force  of  steam  in  a  cylinder, 
gives,  in  the  first  instance,  alternate  motion  to  its  rod,  w^hich 
passes,  steam-tight,  through  an  apertui-e  in  the  cover  of  the 
cylinder.  To  the  end  of  this  rod  is  fastened  a  bar  of  iron, 
called  a  connecting  rod,  the  other  end  of  which  is  jointed 
upon  a  crank  constructed  upon  the  axle,  which  passes 
through  the  wheels  to  which  revolution  is  to  be  imparted, 
and  w^hich  in  this  case  are  keyed  upon  the  axle,  so  that  they 
cannot  revolve  upon  it,  but  must  revolve  when  the  axle  is 
turned.  When,  under  these  circumstances,  the  piston  is 
made  to  move  backwards  and  forwards  by  the  steam  in  the 
cylinder,  the  connecting  rod  acts  upon  the  crank,  "and  makes 
it  revolve  in  the  same  manner  as  the  arm  of  a  man  would  act 
upon  a  winch.  The  revolution  of  the  crank  produces  the 
revolution  of  the  axle,  and  the  revolution  of  the  axle  produces 
the  revolution  of  the  wheels. 

(321.)  By  connecting  rod  acting  on  a  pin  on  the  wheel.  — 
The  same  effect  may  also  be  produced  by  placing  the  cylinder 
and  connecting  rod  outside  the  wheel,  and  attaching  the  con- 
necting rod  by  a  joint  to  one  of  the  spokes,  at  a  distance 
from  its  centre,  equal  to  one-half  the  stroke  of  the  cylinder. 
In  this  case,  the  portion  of  the  spoke  between  the  joint  of  the 
connecting  rod  and  the  centre  plays  the  part  of  the  crank. 

(322.)  Action  of  connecting  rod  varies  with  position  of 
crank.  —  In  such  an  arrangement  the  action  of  the  piston 
upon  the  crank  will  vary  according  to  the  position  of  the 
crank.  When  the  connecting  rod  is  at  right  angles  with  the 
crank,  the  effect  of  the  steam  to  turn  the  wheel  is  greatest ; 
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when  it  is  oblique  to  the  crank,  the  action  of  the  steam  is  less 
efficacious;  and  when  the  connecting  rod  takes  the  same 
direction  as  the  crank,  then  the  action  of  the  steam  becomes 
altogether  lost- 

In  short,  all  the  circumstances  already  explained  (82.), 
respecting  the  action  of  the  connecting  rod  on  the  crank  in 
the  common  stationary  steam  engine,  are  equally  applicable 
to  the  locomotive,  and  need  not  therefore  be  repeated  here. 

(323.)  Method  of  producing  uniform  action  by  two  cranks. 
—  As  the  action,  therefore,  is  subject  to  continual  variation, 
and  its  energy  at  two  extreme  points  becomes  altogether  in- 
efficient, it  would  produce  a  varying  progressive  motion,  and 
the  carriage  would,  if  thus  impelled,  move  by  starts.  This 
inequality,  however,  is  effaced  by  the  expedient  already  ex- 
plained in  the  case  of  marine  engines.  Two  cylinders, 
pistons,  and  connecting  rods  are  provided,  acting  on  two 
cranks  placed  at  right  angles  to  each  other;  or,  if  they 
act  outside  the  wheel,  then  the  spokes  to  which  they  are 
attached  are  at  right  angles.  By  this  means,  when  one 
of  the  cranks  is  in  its  attitude  of  greatest  energy,  the  other 
is  at  its  dead  point,  and  vice  versa.  In  this  way,  the  sum  of 
the  simultaneous  actions  of  the  two  cranks  is  always  nearly 
the  same,  and  the  progressive  motion  of  the  carriage  is  con- 
sequently uniform. 

(324.)  Position  of  the  cylinders  —  between  or  outside  the 
wheels.  —  The  cylinders  may  either  be  placed  between  the 
wheels  and  under  the  engine,  or  outside  the  wheels  and  at 
any  convenient  elevation  beside  the  engine. 

(325.)  Between  the  wheels  and  under  engine.  —  If  they 
are  placed  between  the  wheels  and  under  the  engine,  they  are 
usually  fixed  in  a  horizontal  position  between  those  wheels  of 
the  engine  which  they  do  not  drive.  The  piston  rods  play 
horizontally,  being  directed  towards  the  axle  of  the  driving 
wheels.  On  that  axle  two  cranks  are  constructed,  opposite 
to  the  pistons  of  the  two  cylinders,  and  connected  with  them 
by  the  two  connecting  rods. 

(326.)  Form  of  a  double  cranked  axle.  —  A  double 
cranked  axle  of  this  sort  is  represented  in  fig.  99.,  the 
cranks  being  seen  in  a  position  oblique  to  the  plane  of  the 


356 


ROADS  AND  RAILWAYS. 


diagram.      The   connecting   rods     are     understood    to   be 
attached   to   the  cranks  at   b,  and  the 
Fig.  99.    wheels,  which  are  to  be  driven,  are  keyed 
upon  the  extremity  of  the  axle  at  g. 

(327.)  Volume  of  steam  necessary  for 
each  revolution  of  wheels.  —  From  what 
has  been  explained  it  will  be  understood, 
that  to  enable  the  wheels  to  make  one 
revolution,  each  piston  must  be  driven 
once  backwards  and  forwards  in  the 
cylinder,  and  consequently  the  boiler 
must  supply  to  the  cylinders  four  mea- 
sures of  steam.  In  this  way,  the  con- 
sumption of  steam  necessary  for  a  given 
progressive  speed  of  the  carriage  may 
be  calculated.  Thus,  if  the  circumfer- 
ence of  the  driving  wheels  be  thirty  feet, 
four  cylinders  full  of  steam  will  be  con- 
sumed for  each  thirty  feet  through  which 
the  carriage  advances.  It  is  apparent, 
therefore,  that  the  ability  of  the  engine 
to  move  the  load  with  any  requisite 
speed  is  resolved  into  the  power  of  the 
boiler  to  produce  steam  of  the  requisite 
pressure  at  this  required  rate. 

(328.)  Speed  of  engine  depends  on 
rate  of  evaporation.  —  Let  it  be  sup- 
posed that  it  is  desired  to  transport  a 
certain  load  at  the  rate  of  thirty  miles 
an  hour,  which  is  at  the  rate  of  half  a 
mile,  or  2640  feet  per  minute.  Let  us  suppose  that  the 
circumference  of  the  driving  wheels  is  twenty-six  feet  and 
four-tenths.  These  wheels  will  revolve  one  hundred  times 
in  moving  over  2640  feet,  or  half  a  mile,  that  is  to  "Say,  one 
hundred  times  per  minute.  But  since  each  revolution  re- 
quires the  boiler  to  supply  four  cylinders  full  of  steam,  the 
consumption  of  steam  per  minute  will  be  four  hundred  times 
the  contents  of  the  cylinder. 

(329.)  Resistance  of  load  determines  the  pressure  of  the 
steam.  —  The  pressure  of  the  steam  will  depend  upon  the  re- 
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sistance  of  the  load.  By  the  common  principles  of  mechanics, 
the  power  acting  upon  the  pistons  necessary  to  balance  a 
given  resistance  at  the  circumference  of  the  wheel  can  be 
easily  calculated,  and  thus  the  necessary  pressure  of  the  steam 
ascertained.  lu  this  manner  it  can  always  be  determined 
how  much  steam,  of  a  given  pressure,  the  boiler  must  pro- 
duce, in  order  to  enable  the  engine  to  carry  a  given  load  with 
any  required  speed. 

The  mechanism  being  properly  constructed,  it  follows, 
therefore,  that  the  eflBcacy  of  the  engine  must  depend  ulti- 
mately on  the  evaporating  power  of  the  boiler. 

Tables  have  been  already  given  (138.),  by  which  it  is 
shown  what  quantity  of  water  is  necessary  to  produce  a  cer- 
tain volume  of  steam  of  a  given  pressure.  By  these  tables, 
the  quantity  of  water  which  the  boiler  must  evaporate  to 
produce  any  required  speed,  with  a  given  resistance,  can 
always  be  determined. 

(330.)  Circumstances  which  limit  the  iceight  and  bulk  of 
a  locomotive.  —  In  the  case  of  the  locomotive  engine  there 
are  particular  conditions  which  limit  the  magnitude  and 
weight  of  the  machinery,  and  create  impediments  and  diflS.- 
culties  in  the  construction  of  the  machine,  which  are  not 
encountered  in  stationary  engines.  As  the  engine  itself  is 
transported,  and  travels  with  its  load,  it  must  necessarily  be 
subject  to  narrow  limits  as  to  weight  and  bulk.  It  has  to 
pass  under  bridges,  and  through  tunnels,  which  circumstance 
not  only  limits  its  general  magnitude,  but  almost  deprives 
it  of  the  appendage  of  a  chimney  so  indispensable  to  the 
efficiency  of  stationary  steam  engines. 

(331.)  Expedients  for  obtaining  great  evaporating  power 
in  a  small  weight  and  bulk.  —  It  follows  that  this  limitation 
of  weight  and  bulk  can  only  be  rendered  compatible  witli 
great  power  of  evaporation  by  expedients  which  shall  produce, 
in  a  small  furnace,  an  extremely  intense  combustion,  and 
which  shall  ensure  the  transmission  to  the  water  completely, 
and  immediately,  of  the  heat  developed  in  such  combustion. 
(332.)  Form  of  fire-box. — The  heat  developed  in  the  com- 
bustion of  fuel  in  a  furnace  is  propagated  in  two  ways.  A 
part  radiates  from  the  vivid  fuel  in  the  manner,  and  ac- 
cording to  nearly  the  same  laws  which  govern  the  radiation 
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of  light.  These  rays  of  heat,  diverging  in  every  direction 
from  the  stratum  of  burning  fuel  spread  upon  the  grate, 
strike  upon  all  the  surfaces  which  surround  the  furnace. 
Now,  as  it  is  essential  that  they  should  be  transmitted  im- 
mediately to  the  water  in  the  boiler,  it  follows  that  in  such 
an  engine  the  furnace  ought  to  be  surrounded  on  every  side 
with  a  portion  of  the  boiler  containing  water  ;  in  short,  a 
hollow  casing  of  metal,  filled  with  water,  ought  to  surround 
the  fire-place.  By  this  expedient,  the  heat  radiating  from  the 
fuel  striking  upon  the  metal  which  forms  the  inner  surface  of 
such  casing,  will  enter  the  water,  and  become  efiicient  in 
producing  evaporation. 

Whatever  then  be  the  particular  form  given  to  the  engine, 
the  furnace  must  be  surrounded  by  such  a  casing.  This 
casing  is  called  the  fire-box.  The  bottom  of  it  is  occupied 
by  a  grate,  which  should  consist  of  bars  sufficiently  deep  to 
prevent  them  from  being  fused  by  the  fuel  which  rests  upon 
them,  having  sufficient  space  between  them  to  allow  the  air. 
to  enter  so  freely  as  to  sustain  the  combustion,  but  not  such 
as  to  allow  the  unburned  fuel  to  fall  through  them. 

(333.)  Tubes  through  boiler.  —  The  limited  magnitude  of 
locomotive  boilers  renders  the  construction  of  the  extensive 
flues  used  in  stationary  boilers  impracticable ;  and  accord- 
ingly, in  the  early  engines,  a  great  waste  of  heat  was  occa- 
sioned, owing  to  the  flame  and  heated  air  being  permitted  to 
issue  into  the  chimney  before  their  temperature  was  suffi- 
ciently reduced  by  contact  with  the  flues. 

At  length  an  admirable  expedient  was  adopted  which 
completely  attained  the  desired  end.  The  boiler  was  tra- 
versed by  a  considerable  number  of  small  tubes  of  brass  or 
copper,  running  parallel  to  each  other  from  end  to  end,  the 
furnace  being  at  one  end  of  the  boiler,  and  the  chimney  at 
the  other.  The  flame  and  heated  air  which  passed  from  the 
furnace  had  no  other  issue  to  the  chimney  except  through 
these  tubes.  It  was  thus  driven,  in  a  multitude  of  threads, 
through  the  water.  The  magnitude  and  number  of  the  tubes 
was  so  regulated,  that  when  the  air  arrived  at  the  chimney, 
it  had  given  out  as  much  of  its  heat  as  was  practicable  to 
the  water. 

(334.)   Their  great  efficacy.  —  The  full  importance  of  this 
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expedient  was  not  appreciated  until  long  after  its  first  adop- 
tion. In  the  first  instance,  the  tubes  traversing  the  boiler 
were  small  in  number,  and  considerable  in  diameter,  but  as 
their  efiects  were  rendered  more  and  more  evident  by  ex- 
perience, their  diameter  was  diminished  and  their  number 
increased,  and  at  length  it  was  not  uncommon  for  the  boiler 
to  be  traversed  by  one  hundred  and  fifty  tubes  of  one  inch 
and  a  half  in  internal  diameter. 

The  heat  was  thus,  as  it  were,  strained  out  of  the  air 
before  the  latter  was  dismissed  into  the  chimney. 

These  tubes  were  necessarily  kept  below  the  surface  of 
the  water  in  the  boiler,  so  that  they  were  constantly  washed 
by  the  water,  and  the  heat  taken  up  from  them  was  absorbed 
immediately  by  the  bubbles  of  steam  generated  at  their  sur- 
face, which  bubbles  continually  rose  to  the  top  of  the  boiler 
and  collected  in  the  steam  chamber. 

(335.)  Evaporating  power  determined  by  magnitude  oj 
fire-box  and  tube  surface.  —  It  will  be  understood  from 
these  observations,  that  the  evaporating  power  of  the  locomo- 
tive boiler  was  determined  by  the  quantity  of  surface  ex- 
posed to  the  radiant  heat  in  the  fire-box  and  the  quantity 
of  surface  exposed  to  the  action  of  the  heated  air  in  the 
tubes.  The  expression  of  the  quantity  of  this  surface  in 
square  feet  was  the  usual  test  of  the  evaporating  power  of 
the  boiler. 

(336.)  Coke  used  as  fuel.  —  Much  of  the  efficacy  of  these 
boilers  depends  on  the  quality  of  the  fuel.  As  the  engines 
travelled  through  districts  of  the  country  more  or  less  popu- 
lous, the  evolution  of  smoke  was  considered  inadmissible  in 
consequence  of  the  nuisance  it  would  produce.  It  was,  there- 
fore, resolved  to  use  coke  as  fuel  instead  of  coal. 

(337.)  Its  great  efficiency.  —  Another  advantage,  however, 
attended  the  use  of  this  fuel.  Coke  being  composed  chiefly 
of  carbon,  to  the  exclusion  of  the  more  volatile  constituents 
of  coal  which  produce  flame  in  the  combustion,  the  chief 
part  of  the  heat  developed  acted  by  radiation.  No  flame 
issued  from  the  furnace,  and  heated  air  only  passed  through 
the  tubes.  It  was  more  easy,  therefore,  to  extract  the  heat, 
than  would  have  been  the  case  if  flame  were  developed.  In 
short,  with  this  fuel,  the  portion  of  the  heat  developed  in  the 
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furnace  was  mucli  greater  than  that  which  would  have  been] 
developed  in  the  combustion  of  coal.  The  surface  of  the  fire-i 
box  became  relatively  more  efficient,  and  the  flues  less  so; 
than  in  stationary  engines  where  coal  was  used. 

Independently,  therefore,  of  the  advantage  of  developing 
no  smoke,  the  coke  was  a  form  of  fuel  better  adapted  to  the 
condition  of  the  locomotive  engine. 

(338.)  Method  of  producing  the  necessary  draft.  —  To  sus- 
tain a  rapid  and  intense  combustion  on  a  grate  necessarily 
small,  a  proportional  force  of  draft -was  indispensable.  In 
stationary  engines,  as  is  well  known,  the  draft  in  the  furnace 
is  usually  produced  by  a  chimney  of  corresponding  elevation ; 
but  this  being  inadmissible  under  the  conditions  of  the  loco- 
motive engine,  it  was  necessary  to  adopt  some  other  expe- 
dient to  produce  the  necessary  current  of  air  through  the 
tube.  A  blower,  or  fanner,  working  in  the  funnel  or  in  any 
other  convenient  position,  would  answer  the  purpose  ;  but  a 
much  better  expedient  was  adopted  at  an  early  period  in  t|ie 
history  of  the  locomotive. 

The  steam,  after  driving  the  piston,  was  allowed  to  escape, 
but  in  order  to  turn  it  to  profitable  account,  instead  of  being 
dismissed  into  the  atmosphere,  where  it  would  produce  a 
cloud  of  vapour  around  the  engine,  it  was  conducted  through 
a  pipe  to  the  base  of  the  funnel,  where  it  was  allowed  to 
escape  in  a  jet  directly  up  the  chimney.  In  this  manner  a 
puff  of  waste  steam  escaping  from  the  cylinders  as  the  pistons 
arrived  at  the  one  end  or  the  other,  was  injected  into  the 
chimney,  and  a  constant  succession  of  these  puffs  took  place, 
four  being  made  for  every  evolution  of  the  driving  wheels. 
These  continual  puffs  of  vapour  maintained  in  the  chimney 
a  constant  current  upwards,  by  which  the  air  and  gases  of 
combustion  were  drawn  from  the  fire-box  through  the  tubes. 

(339.)  The  blast  pipe.  —  The  pipe  by  which  these  jets 
were  directed  up  the  chimney,  called  the  blast  pipe,  served 
the  purpose  of  a  most  efficient  bellows. 

Those  who  are  not  familiar  with  steam  machinery  will  not 
find  it  difficult  to  comprehend,  upon  proper  reflection,  that  a 
bellows  would  produce  the  same  effect  on  the  fire  if  it  acted 
in  the  chimney,  or  even  at  the  top  of  the  chimney,  as  if 
it  were  applied  at  the  grate  bars,   provided  only  that  the 
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mouth  of  the  chimney  near  the  fire  be  closed  by  a  door,  as  it 
always  is  in  steam  engines. 

(340.)  The  tender. — To  keep  the  locomotive  boiler  sup- 
plied with  water,  and  its  furnace  with  fuel,  it  is  accompanied 
by  a  carriage  called  a  tender,  which  bears  a  supply  of  fuel, 
and  a  cistern  of  sufiicient  magnitude,  containing  water. 

(341.)  Appendages  of  engine.  —  This  cistern  is  connected 
with  the  interior  of  the  boiler  by  pipes  and  force-pumps. 
The  force-pumps  are  worked  by  the  engine.  The  engineer 
is  supplied  with  a  lever,  by  which  he  can  suspend  the 
action  of  the  pumps  at  pleasure ;  so  that,  if  he  finds  the 
boiler  becoming  too  full,  he  can,  to  use  a  technical  phrase, 
'*  cut  off  the  feed."  Gauges  are  provided,  by  which  he  can 
at  all  times  ascertain  the  quantity  of  water  in  the  boiler,  or, 
which  is  the  same,  the  position  of  its  surface.  He  is  accom- 
panied by  a  stoker  or  fireman,  who  from  time  to  time  opens 
le  door  of  the  fire-box  and  feeds  the  furnace. 

(342.)    General  delineation  and  description   of  a    loeo- 

Hve.  —  This  general  description  of  the  locomotive  engine 
be  better  understood  by  reference  to  the  annexed  series 
%f  drawings. 

Fig.  100.  represents  the  longitudinal  section  of  a  locomotive 
engine.  The  following  are  its  parts :  — h,  the  cylinders  ;  x, 
the  piston  ;  v,  the  piston  rod ;  B,  the  connecting  rod  ;  c'  c', 
the  cranks  constructed  on  the  axle  of  the  driving  wheels. 
D,  the  grate  bars,  with  the  fire-box  over  them,  the  fire-box 
being  surrounded  by  water,  except  at  the  door  g,  where  the 
fireman  feeds  it ;  e  e  are  the  tubes  traversing  the  boiler,  the 
heated  air  passing  through  them  to  the  smoke  box  f  ;  p  is 
tite  blast  pipe  ;  G,  the  funnel ;  K,  the  force-pump  for  feeding 
the  boiler ;  u',  the  stage  surrounded  by  a  railing,  on  which 
the  engineer  and  stoker  stand;  s,  the  steam  pipe  leading  to 
the  cylinders. 


£62 


llOADS  AND  RAILWAYS. 


THE  LOCOMOTIVE  ENGINE. 


363 


Fig.  101.  is  the  end  view  of  the  engine  at  the  place  where 
the  engineer  and  fireman  stand :  —  c,  the  fire-box ;  L,  the 


Fig.  101 


El.EVATION'  OF  THE  Hli^ER  ESD  OJ  A  LOCOMOTIVE  ESGIHE. 

water  gauge,  being  a  glass  tube  communicating  above  and 
below  with  the  interior  of  the  boiler,  in  which  the  water 
stands  at  the  same  level  as  in  the  boiler ;  m,  gauge  cocks, 
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intended  for  the  same  purpose  as  the  gauge  L,  the  iijvper 
cock  being  above  the  proper  level  of  the  water,  and  the  lo\^  cr 
below  it. 


Ficf.  102, 


CEOSS  VERTJCAL  SECTION  OF  TEE  ENGINE  THROUGH  THE  F1EE-30S. 

If  the  water  be  at  the  right  level,  steam  would  issue  on 
opening  the  upper  cock,  and  water  on  opening  the  lower.   If 
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.ter  issue  from  the  upper  cock,  the  feed  must  be  cut  off.  It 
lid  be  kept  on  so  long  as  steam  issues  from  the  lower 


rig.  103. 


ELEVATION  OF  THE  POSElfOST  EXD  OP  THE  EKGISE. 

Fig.  102.  is    a  transverse  section   of  tbe   engine  made 
through  the  fire-box,  showing  the  tubes,  the  grate  bars,  and 
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the  casing  of  water  surrounding  the  fire-box,  also  the  bolts 
or  stays  by  which  the  fire-box  is  strengthened,  these  stays 
being  secured  by  nuts  or  heads  outside  and  inside. 


F:9-  10-:, 


CROSS  VERTICAL  SECTION  OE  ENGINE  THRODGH  THE  SMOKE-BOX. 

Fig.  103.  is  a  view  of  the  foremost  end  of  the  engine  next  the 
chimney  : — ^w  w  are  the  ends  of  the  cylinders;  t  t'  are  circular 
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cushions  or  buffers,  which  react  against  spiral  springs,  and 
have  the  effect  of  relieving  the  collision  when  the  engine 
meets  another  engine  or  carriage,  or  encounters  any  other 
obstacle. 

Fig.  104.  is  a  transverse  section  made  through  the  smoke- 
box  of  the  engine,  showing  the  ends  of  the  tubes  from  which 
the  heated  air  issues,  as  well  as  the  cylinders  H  and  the 
blast  pipe  P. 

Fig.  105.  exhibits  a  plan  of  the  machinery  under  the 
boiler  :  — d'  d'  are  the  driving  wheels ;  d  d,  the  grate  bars  ; 
uu,  the  cylinders;  Y,  the  piston  rods;  b',  the  connecting 
rods ;  c',  the  cranks ;  c,  the  fire-box. 

Fig.  106.  is  a  longitudinal  section,  and  Jig.  107.  a  plan 
of  the  tender,  where  the  coke  is  contained  in  the  space  b  r", 
surrounded  by  a  tank  i",  containing  the  water  to  feed  the 
boiler.  The  feed  of  the  boiler  is  conducted  from  the  tank 
through  a  pipe  descending  downwards  in  a  curved  direction, 
p"  and  q",  to  the  boiler.  A  cock  is  provided  at  p",  by 
which  the  supply  of  water  may  be  cut  off  at  pleasure. 

(343.)  Operation  of  the  locomotive  at  high  speed.  —  When 
the  extraordinary  speed  sometimes  imparted  to  the  loads 
drawn  by  locomotive  engines  on  the  English  railways  is  con- 
sidered, it  will  not  be  uninteresting  to  explain  what  opera- 
tions the  machinery  of  the  engine  must  perform  in  order  to 
accomplish  such  effects. 

Let  us  take  the  example,  not  uncommon,  of  a  train  of 
coaches  carried  upon  a  railway,  at  a  rate  of  sixty  miles  per 
hour.  Assuming,  as  in  a  former  example,  that  the  circum- 
ference of  the  driving  wheel  measures  2Q^  feet,  these 
wheels,  as  already  explained,  will  revolve  one  hundred  times 
in  passing  over  half  a  mile,  and  therefore  two  hundred  times 
in  passing  over  a  mile.  The  speed  of  sixty  miles  an  hour  is 
that  of  a  mile  per  minute.  The  driving  wheels  will,  there- 
fore, revolve  two  hundred  times  per  minute.  But  it  has 
been  already  explained  that  to  produce  one  revolution  of  the 
wheels  each  piston  is  moved  once  backwards  and  forwards  in 
each  cylinder,  and  each  cylinder  must  be  twice  filled  with 
steam  from  the  boiler,  and  that  steam  must  be  twice  dis- 
charged from  each  cylinder  through  the  blast  pipe.  It 
follows  that  to  accomplish  the  speed  above  mentioned,  the 
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boiler  must  supply  to  the  cylinders  eight  hundred  measures  of 
steam  of  tlie  requisite  pressure  per  minute.      The  valves 


which  admit  this  steam  to  each  cylinder  must  be  opened  four 
hundred  times  per  minute,  as  must  also  both  valves  by  which 
the  steam  is  ejected.  The  puffs  from  the  blast  pipe  must  be 
made  at  the  rate  of  eight  hundred  per  minute. 

If  we  assume  that  the  contents  of  each  cylinder  is  one  cubic 
foot  and  a  quarter,  then  the  boiler  must  supply  to  the  cylinder 
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per  minute  1000  cubic  feet  of  steam.  If  this  steam  be  as- 
sumed to  have  a  pressure  of  50  lbs.  per  square  inch,  then 
one  cubic  foot  of  water  evaporated  will  produce  about  500 
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cubic  feet  of  such  steam;  and  consequently,  to  supply  1000  I 
cubic  feet  of  steam  per  minute  to  the  cylinders,  the  boiler 
must  evaporate  2  cubic  feet  of  water  per  minute,  or  120  ; 
cubic  feet  per  hour.  This  is  a  rate  of  evaporation  which  [ 
would  correspond  to  a  stationary  boiler  of  a  nominal  power  I 
of  120  horses.*  ' 

*   For  various  details  of  the  performance  of  locomotive   engines   in 
England  and  on  the  Continent,  see  "  llaihvay  Economy." 
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CHAPTER  IV. 

EtTROSPECT   OF    THE   PROGRESS   OF   THE   LOCOMOTIVE 
EXGIXE. 

It  must  not  be  imagined  that  the  locomotive  engine  attained 
sill  the  efficiency  indicated  by  the  arrangements  above  de- 
scribed, without  passing  through  a  long  succession  of  abor- 
tive trials,  and  encountering  many  failures.  A  short  retro- 
spect of  these  will  not  be  without  interest. 

(344.)  Locomotive  of  Cugnot,  1770.  —  So  far  back  as  the 
year  1770,  a  French  engineer,  Nicholas  Cugnot,  constructed 
a  small  carriage,  which  was  moved  by  the  force  of  steam. 

This  experiment  attracted  much  attention  at  the  moment, 
and  the  government  of  that  day,  hoping  to  render  it  available 
for  the  purpose  of  war,  supplied  the  engineer  with  means  to 
carry  his  invention  into  practice  on  a  large  scale. 

Experiments  were  accordingly  made  at  the  arsenal  of 
Paris,  which  were  to  a  certain  extent  successful ;  but  as  the 
machinery  in  question  was  not  worked  on  a  railway,  sufficient 
means  of  governing  the  direction  of  its  motion  were  not  pro- 
vided, and  it  ran  against  an  obstacle  by  which  it  was 
deranged  and  broken.  The  project  was  then  abandoned  as 
impracticable.  The  original  machine,  which  the  French 
claim  to  be  the  patriarch  of  locomotives,  is  still  preserved  in 
the  museum  of  the  Conservatoire  des  Arts  et  Metiers. 

(345.)  Locomotive  of  Trevithick  and   Vivian,    1804 

The  first  practical  locomotive,  however,  which  is  recorded 
as  having  been  brought  into  operation,  was  constructed  on  the 
railway  at  Merthyr  Tydvil,  in  South  Wales,  by  Messrs. 
Trevithick  and  Vivian,  in  1804.  In  this  machine,  the  pis- 
ton rod  was  made  to  work  cranks,  which  gave  revolution  to 
two  cogged  wheels :  these  worked  in  others,  by  which  their 
motion  was  communicated  finally  to  cogged  wheels  fixed  on 
the  axle  of  the  hind  wheels  of  the  carriage,  by  which  this 
axle  was  kept  in  a  state  of  revolution.  The  hind  wheels 
being  fixed  on  the  axletree,  and  turning  with  it,  were  caused 
to  revolve ;  and  so  long  as  the  weight  of  the  carriage  did 
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not  exceed  that  which  the  friction  of  the  road  was  capable 
of  propelling,  the  carriage  would  thus  be  moved  forwards. 
On  this  axle  was  placed  a  fly-wheel  to  continue  the  rotatory 
motion  at  the  termination  of  each  stroke.  The  fore  wheels 
are  described  as  being  capable  of  turning  like  the  fore  wheels 
of  a  carriage,  so  as  to  guide  the  vehicle.  The  projectors  ap- 
pear to  have  contemplated,  in  the  first  instance,  the  use  of 
this  carriage  on  common  roads :  but  that  notion  seems  to 
have  been  abandoned,  and  its  use  was  only  adopted  on  the 
railroad  before  mentioned.  On  the  occasion  of  its  first  trial, 
it  drew  after  it  as  many  carriages  as  contained  ten  tons  of  iron, 
a  distance  of  nine  miles  ;  which  stage  it  performed  without 
any  fresh  supply  of  water,  and  travelled  at  the  rate  of  fi\  e 
miles  an  hour. 

(346.)  Si?igular  error  respecting  the  adhesion  with  the  rail. 
—  It  is  a  singular  fact  in  the  history  of  this  invention,  that 
considerable  time  and  great  ingenuity  were  vainly  expended 
in  attempting  to  surmount  a  mechanical  difllculty,  which  ft' 
single  experiment  would  have  proved  to  have  been  purely 
imaginative.  This  obstacle,  nevertheless,  retarded  for  years 
the  progress  of  the  invention. 

It  has  been  already  explained,  that  all  carriages  propelled 
by  a  moving  power,  must  have  an  adequate  point  of  reaction 
for  that  power;  and  that,  in  the  present  locomotive  engine, 
this  point  of  reaction  is  the  point  where  the  driving  wheels 
rest  upon  the  rails.  The  early  inventors  of  locomotives  as- 
sumed, without  subjecting  the  question  to  the  test  of  experi- 
ment, that  the  adhesion  of  the  wheel  to  the  rail  was  so  trifling 
as  to  supply  no  adequate  purchase  for  the  propulsion  of  the 
load ;  and  that  force  applied  to  turn  the  wheels  would  cause 
them  to  slip  round  in  contact  with  the  rail  without  impelling 
the  carriage. 

It  is  singular  that  it  should  never  have  occurred  to  the 
many  ingenious  persons  who  for  several  years  were  engaged 
in  such  experiments  and  speculations,  to  ascertain  by  experi- 
ment the  actual  amount  of  adhesion  in  any  particular  case 
between  the  wheels  and  the  road. 

(347.)  Trevithick's  expedient  to  supply  the  supposed 
want  of  adhesion.  —  To  remedy  this  imaginary  difliculty, 
Messrs.  Trevithick  and  Vivian  proposed  to  make  the  ex- 
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temal  rims  of  the  wheels  rough  and  uneven,  by  surrounding 
them  with  projecting  heads  of  nails  or  bolts,  or  by  cutting 
tranverse  grooves  on  them.  They  proposed,  in  cases  where 
considerable  elevations  were  to  be  ascended,  to  cause  claws 
or  nails  to  project  from  the  surface  during  the  ascent,  so  as  to 
take  hold  of  the  road. 

(348.)  Blinkensop's  locomotive,  1811.  —  In  seven  years 
after  the  construction  of  the  first  locomotive  engine  by  these 
engineers,  another  was  constructed  by  Mr.  Blinkensop,  of 
31iddleton  Colliery,  near  Leeds.  He  obtained  a  patent  in 
1811,  for  the  application  of  a  rack  rail.  The  railroad  thus, 
instead  of  being  composed  of  smooth  bars  of  iron,  presented 
a  line  of  projecting  teeth,  like  those  of  a  cog-wheel,  which 
stretched  along  the  entire  distance  to  be  travelled.  The 
wlieels  on  which  the  engine  rolled  were  furnished  with  cor- 
responding teeth,  which  worked  in  the  teeth  of  the  rail- 
road, and  in  this  way  produced  a  progressive  motion  in  the 
carriage. 

(349.)  Chapman's,  1812. — The  next  contrivance  for  over- 
coming this  fictitious  difliculty  was  that  of  Messrs.  Chapman, 
who,  in  the  year  1812,  obtained  a  patent  for  working  a  loco- 
motive engine  by  a  chain  extending  along  the  middle  of  the 
line  of  railroad,  from  the  one  end  to  the  other.  This  chain 
was  passed  once  round  a  grooved  wheel  under  the  centre  of 
the  carriage ;  so  that,  when  this  grooved  wheel  was  turned 
by  the  engine,  the  chain  being  incapable  of  slipping  upon  it, 
the  carriage  was  consequently  advanced  on  the  road.  In 
order  to  prevent  the  strain  from  acting  on  the  whole  length 
of  the  chain,  its  links  were  made  to  fall  upon  upright  forks 
placed  at  certain  intervals,  which  between  those  intervals 
sustained  the  tension  of  the  chain  produced  by  the  engine. 
Friction-rollers  were  used  to  press  the  chain  into  the  groove 
of  the  wheel,  so  as  to  prevent  it  from  slipping.  This  con- 
trivance was  soon  abandoned,  for  the  very  obvious  reason 
that  a  prodigious  loss  of  force  was  incurred  by  the  friction  of 
the  chain. 

(350.)  Walking  engine,  1813.— The  following  year,  1813, 
produced  a  contrivance  of  singular  ingenuity,  for  overcoming 
the  supposed  diflSculty  arising  from  the  want  of  adhesion  be- 
tween the  wheels  and  the  road.     This  was  no  other  than  a 
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pair  of  mechanical  legs  and  feet,  which  were  made  to  walk 
and  propel  in  a  manner  somewhat  resembling  the  feet  of  an 
animal. 

A  sketch  of  these  propellers  is  given  vcxjig.  108.  A  is  the 
carriage  moving  on  the  railroad,  l  and  if  are  the  legs,  f  and 
f'  the  feet.  The  foot  f  has  a  joint  at  o,  which  corresponds 
to  the  ankle ;  another  joint  is  placed  at  k,  which  corresponds 
to  the  knee ;  and  a  third  is  placed  at  L,  which  corresponds  to 
the  hip.  Similar  joints  are  placed  at  the  corresponding  let- 
ters in  the  other  leg.    The  knee-joint  k  is  attached  to  the  end 


of  the  piston  of  the  cylinder.  When  the  piston,  which  is 
horizontal,  is  pressed  outwards,  the  leg  i,  presses  the  foot  F 
against  the  ground,  and  the  resistance  forces  the  carriage  A 
onwards.  As  the  carriage  proceeds,  the  angle  k  at  the  knee 
becomes  larger,  so  that  the  leg  and  thigh  take  a  straighter 
position ;  and  this  continues  until  the  piston  has  reached  the 
end  of  its  stroke.  At  the  hip  L  there  is  a  short  lever  L  M, 
the  extremity  of  which  is  connected  by  a  cord  or  chain  with 
a  point  s,  placed  near  the  shin  of  the  leg.  When  the  piston 
is  pressed  into  the  cylinder,  the  knee  ic  is  drawn  towards 
the  engine,  and  the  cord  m  s  is  made  to  lift  the  foot  f  from 
the  ground ;  to  which  it  does  not  return  until  the  piston  has 
arrived  at  the  extremity  of  the  cylinder.  On  the  piston 
being  again  driven  out  of  the  cylinder,  the  foot  f,  being 
placed  on  the  road,  is  pressed  backw^ards  by  the  force  of  the 
piston  rod  at  K ;  but  the  friction  of  the  ground  preventing 
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its  backward  motion,  the  reaction  causes  the  engine  to  ad- 
vance ;  and  in  the  same  manner  this  process  is  continued. 

Attached  to  the  thigh  at  N,  above  the  knee,  by  a  joint,  is 
a  horizontal  rod  n  r,  which  works  a  rack  R.  This  rack  has 
beneath  it  a  cog-wheel.  This  cog-wheel  acts  in  another 
rack  below  it.  By  these  means,  when  the  knee  K  is  driven 
from  the  engine,  the  rack  R  is  moved  backwards ;  but  the 
cog-wheel  acting  on  the  other  rack  beneath  it,  will  move  the 
latter  in  the  contrary  direction.  The  rack  R  being  then 
moved  in  the  same  direction  with  the  knee  K,  it  follows  that 
the  other  rack  will  always  be  moved  in  a  contrary  direction. 
The  lower  rack  is  connected  by  another  horizontal  rod  with 
the  thigh  of  the  leg  L  f',  immediately  above  the  knee  at  n'. 
"When  the  piston  is  forced  inwards,  the  knee  k'  will  thus  be 
forced  backwards  ;  and  when  the  piston  is  forced  outwards, 
the  knee  k'  will  be  dLt^yin  forwards.  It  therefore  follows, 
that  the  two  knees  k  and  k'  are  pressed  alternately  backwards 
and  forwards.  The  foot  f',  when  the  knee  k'  is  drawn 
forward,  is  lifted  by  the  means  already  described  for  the 
foot  F. 

It  will  be  apparent,  from  this  description,  that  the  piece 
of  mechanism  here  exhibited  is  a  contrivance  derived  from 
the  motion  of  the  legs  of  an  animal,  and  resembling  in  all 
respects  the  fore-legs  of  a  horse.  It  is  however  to  be  regarded 
rather  as  a  specimen  of  ingenuity  than  as  a  contrivance  of 
practical  utility. 

(351.)  Sufficiency  of  the  adhesion  discovered.  —  It  was 
about  this  period  that  the  important  fact  was  first  ascertained, 
that  the  adhesion  or  friction  of  the  wheels  with  the  rails  on 
which  they  moved  was  amply  suflBcient  to  propel  the  engine, 
even  when  dragging  after  it  a  load  of  great  weight  ;  and 
that  the  progressive  motion  would  be  effected  without  any 
slipping  of  the  wheels.  This  showed  the  inutility  of  all  the 
contrivances  for  giving  wheels  a  purchase  on  the  road,  such 
as  racks,  chains,  feet,  &c.  The  experiment  by  which  this 
was  determined  appears  to  have  been  first  tried  on  the 
Wylam  railroad  ;  where  it  was  proved,  that  when  the  road 
was  level,  and  the  rails  clean,  the  adhesion  of  the  wheels 
was  sufficient,  in  all  kinds  of  weather,  to  propel  considerable 
loads. 
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(352.)  First  locomotives  used  in  the  collieries.  —  After  it 
was  discovered  that  the  adhesion  of  the  driving  wheels  with 
the  road  was  more  than  sufficient  for  the  purpose  of  pro- 
pulsion, locomotive  engines  of  a  comparatively  rude  form 
were  constructed  for  the  purpose  of  drawing  the  coal  waggons 
upon  railways  in  the  neighbourhood  of  the  collieries.  These 
machines  moved  at  a  slow  rate,  but  for  their  purpose  were 
sufficient.  A  tube  of  four  or  five  inches  diameter  formed  the 
flue,  and  being  carried  tlirough  the  boiler  from  one  end  to  the 
other,  was  recurved  and  brought  back  to  the  smoke  funnel 
placed  over  the  fire-box. 

(353.)  First  locomotives  placed  on  the  Liverpool  and 
Manchester  Railway.  —  When  the  railway  between  Liver- 
pool and  Manchester  was  brought  into  operation,  the  engines 
placed  upon  it  resembled  more  closely  those  now  in  use. 
The  "Rocket,"  the  first  of  these  engines,  was  limited  in 
weight  by  the  conditions  imposed  by  the  company.  The 
boiler  was  only  six  feet  in  length  ;  it  was  traversed  by 
twenty-four  tubes  three  inches  in  diameter.  In  the  fire-box 
only  six  square  feet  of  surface  were  exposed  to  the  action  of 
the  radiant  heat. 

As  I  have  already  stated,  the  tubes  which  perform  the 
office  of  flues  were,  as  the  engine  was  improved,  augmented 
in  number,  and  diminished  in  diameter.  In  the  improved 
engines  above  described  their  number  varied  from  125  to 
150,  their  internal  diameter  being  l^ths  of  an  inch,  and  the 
space  between  tube  and  tube  being  only  three  quarters  of  an 
inch. 

The  practical  inconvenience  which  limits  the  size  of  the 
tubes  is  their  liability  to  become  choked  by  cinders  and 
ashes,  which  get  wedged  in  them  when  they  are  too  small, 
and  thereby  obstruct  the  draft  and  diminish  the  evaporating 
power  of  the  boiler.  The  tubes  now  in  use,  of  about  an 
inch  and  a  half  internal  diameter,  not  only  require  to  be 
cleared  of  the  ashes  and  cinders,  which  get  fastened  in  them 
after  each  journey,  but  it  is  necessary  throughout  a  journey 
of  any  length,  that  the  tubes  should  be  picked  and  cleaned  by 
opening  the  fire  door  at  convenient  intervals. 

The  first  engines  used  upon  the  Liverpool  and  Manchester 
Railway  rested  on  four  wheels,  one  pair  of  which  was  driven 
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by  the  pistons,  and  were  thence  called  the  driving  wheels. 
Experience  indicating  the  advantage  of  constructing  engines 
of  increased  power  and  weight,  it  was  afterwards  resolved  to 
distribute  the  weight  upon  six  wheels.  In  some  cases  one 
pair  only  of  these  were  used  as  driving  wheels,  but  in  other 
cases,  especially  with  engines  employed  to  carry  heavy  loads 
of  merchandise  at  low  velocities,  two  pair  of  the  wheels  were 
used  as  drivers,  being  coupled  together  in  such  a  manner 
that  the  engine  imparted  motion  to  both  pairs  simultaneously. 
The  advantage  of  this  arrangement  was  that  a  greater  pur- 
chase was  obtained  for  the  impelling  power,  inasmuch  as  it 
acted  upon  the  points  of  contact  of  both  pairs  of  wheels 
with  the  rails. 

In  the  earlier  engines  the  cylinders  were  placed  outside 
the  wheels,  and  impelled  them  by  the  means  already  de- 
scribed. Afterwards  they  were  transferred  to  a  position 
under  the  boiler  and  between  the  wheels,  and  made  to  act 
on  a  double  cranked  axle,  as  already  described.  The  ad- 
vantages claimed  for  this  combination  were, 

1st.  That  the  impelling  power,  being  placed  nearer  to  the 
centre  of  gravity  of  the  engine,  produced  less  lateral  strain 
in  its  action. 

2d.  That  the  cylinders  were  less  exposed  to  the  cold  air 
in  passing  along  the  road,  and  therefore  that  there  was  less 
waste  of  heat  by  cooling ;  and, 

3dly.  That  the  cylinders  being  buried  in  the  smoke  box  at 
the  foremost  end  of  the  engine,  were  kept  warm,  so  as  to 
produce  a  further  economy  of  heat. 

The  obvious  disadvantage  attending  the  arrangement  was 
the  necessity  of  constructing  on  the  axle  of  the  driving 
wheels  two  cranks,  thus  breaking  the  axle  at  two  points  near 
its  centre,  and  the  consequent  difficulty  of  fabricating  such  an 
axle  with  sufficient  strength  and  soundness. 

After  having  been  almost  exclusively  used  for  many 
years,  this  arrangement  has  been  lately,  in  many  cases,  laid 
aside,  and  the  cylinders  are  now  again  very  frequently  placed 
outside  the  wheels. 
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CHAPTER  V. 

RAILWAY    GRADIENTS. 

(354.)  There  is  a  certain  speed  at  which  a  locomotive 
produces  the  greatest  effect.  —  A  steam  engine,  when  applied 
to  transport,  is,  like  an  animal,  endued  with  a  certain  amount 
of  strength  or  power,  by  which  it  is  enabled  to  transport  a 
certain  load  at  a  certain  velocity.  The  resistance  which  it 
can  oppose  may  be  varied  within  certain  practical  limits, 
but  in  departing  from  the  average  more  or  less  disadvantage 
is  incurred  in  the  application  of  the  power.  This  is  the 
same  with  the  animal.  There  is  a  certain  load  and  a 
certain  speed  which  can  be  exerted,  and  which,  if  exerted, 
will  produce  the  most  profitable  result  of  the  animal's  labour. 
The  load  may  be  diminished  and  the  speed  increased,  or  the 
load  may  be  increased  and  the  speed  diminished,  and  the 
animal  will  still  work  with  a  certain  useful  result,  but  this 
useful  result  will  be  diminished  in  a  rapid  proportion  by  a 
departure  from  that  average  which  is  best  adapted  to  the 
animal  poAver. 

The  same  observation  may,  with  equal  truth,  be  applied 
to  the  steam  engine.  But  the  practical  limits  of  the  variation 
of  its  power,  and  the  injurious  effects  arising  from  such 
variation,  are  more  serious  than  in  the  case  of  animal  power  ; 
nor  is  it  wonderful,  considering  who  made  the  one  machine, 
and  who  made  the  other,  that  we  should  find  this  comparative 
imperfection. 

(355.)  The  railioay  must  he  adapted  to  the  limit  within 
which  the  engine  can  vary  its  speed.  —  It  is  evident,  there- 
fore, that  a  road  upon  which  steam  power  is  intended  to  work, 
ought,  in  its  construction,  to  be  adapted  to  those  limits  within 
which  such  power  can  act  advantageously,  otherwise  a  Avaste 
of  power  must  be  incurred. 

If,  for  example,  the  resistance  produced  on  one  part  of  the 
road  be  many  times  greater  than  the  resistance  produced  on 
other  parts,  the  steam  engine  intended  to  work  upon  it  must 
be  constructed  so  as  to  be  capable  of  working  against  this 


RAILWAY  GRADIENTS.  379 

excessive  resistance.  On  the  other  parts  of  the  road  such 
an  engine  would  be  working  under  its  power,  and  conse- 
quently to  disadvantage,  unless,  indeed,  a  separate  engine  or  a 
separate  power  were  appropriated  to  work  upon  such  part 
of  the  road  where  such  an  excessive  resistance  is  to  be 
encountered. 

(356.)  ^^ecessify  of  ascertaining  the  variation  of  the 
resistance.  —  Hence  it  will  be  perceived  how  very  im- 
portant an  element  in  the  construction  of  railroads  the 
resistance  encountered  in  the  traction  of  loads  upon  them 
must  be. 

(357.)  Prevalent  ignorance  of  it.  —  Yet  it  is  a  strange 
fact  in  the  history  of  the  progress  of  railways  that  these  lines 
of  communication  had  not  only  been  constructed  but  worked 
for  many  years  before  any  definite  experiments  were  made 
by  which  the  circumstances  and  conditions  affecting  the 
resistance  opposed  by  the  load  to  the  tractive  power  were 
determined ;  on  the  contrary,  most  erroneous  notions  on  this 
subject  prevailed,  and  not  only  were  engines  built  upon  such 
fallacious  data,  but  railways  of  great  extent  and  involving 
an  immense  expenditure  of  capital,  were  constructed  upon 
them. 

(358.)  Erroneous  estimates  of  it.  —  For  several  years 
after  the  Liverpool  and  Manchester  railway  was  brought 
into  operation,  it  was  universally  assumed  among  engineers 
that  the  resistance  opposed  to  the  tractive  power  upon  rail- 
roads was  the  same  at  all  velocities.  No  one  was  ignorant 
that  the  atmosphere  must  oppose  more  or  less  resistance  to 
bodies  moving  through  it,  but  it  was  considered  that  the 
amount  of  this  resistance  in  the  case  of  railways  was  incon- 
siderable compared  with  other  sources  of  resistance  to  the 
tractive  power;  and  that  in  the  practical  calculations  neces- 
sary to  determine  the  power  of  locomotive  engines,  it  might 
be  wholly  disregarded,  or  at  least,  that  a  small  allowance  for 
it,  made  in  the  average  speed  of  the  trains,  would  be  amply 
sufficient  for  all  practical  purposes. 

(359.)  Causes  of  resistance  to  the  tractive  potcer.  —  The 
sources  of  resistance  which  a  locomotive  engine  has  to  over- 
come, exclusive  of  that  of  the  atmosphere  when  it  draws  a 
load  upon  a  level  line,  are  — 


380  ROADS  AND  RAILWAYS. 

1st.  The  resistance  produced  by  the  friction  of  the  wheels 
in  their  boxes ; 

2dly.  The  resistance  produced  by  the  rolling  motion  of  the 
wheels  upon  the  rails ;  and 

3dly.  The  friction  and  resistance  peculiar  to  the  moving 
parts  constituting  the  mechanism  of  the  engine. 

(360.)  Their  estimated  amount.  —  It  was  generally  esti- 
mated that  the  gross  amount  of  these  resistances  was  about 
the  two  hundred  and  fiftieth  part  of  the  gross  weight  of  the 
load  drawn.  Some  engineers  estimated  it  at  the  two  hun- 
dred and  twentieth,  and  others  at  the  three  hundred  and 
thirtieth  part ;  but  a  two  hundred  and  fiftieth  part  of  the 
gross  load  may  be  fairly  taken  as  a  mean  between  all  the 
various  estimates  of  that  day. 

Assuming  such  an  estimate  to  be  correct,  it  would  follow 
that  a  railway  train  placed  upon  a  declivity  falling  at  the 
rate  of  one  foot  in  two  hundred  and  fifty,  would,  when  once 
put  in  motion,  descend  spontaneously  without  any  moving 
power  by  its  tendency  to  move  downwards  in  virtue  of 
gravity. 

(361.)  Erroneous  doctrines  deduced  from  this  torong  es- 
timate.—  It  was  therefore  generally  assumed,  that,  in  laying 
out  railways,  no  acclivities  ought  to  be  allowed,  in  general, 
which  would  exceed  from  sixteen  to  twenty  feet  per  mile, 
and  that  even  these  ought  to  be  avoided  where  it  was  prac- 
ticable to  do  so. 

(362.)  The  gradients  and  graduation  of  railways.  —  The 
acclivities,  accoi'ding  to  which  railways  were  laid  out,  came 
to  be  called  by  the  name  of  gradients,  and  the  line  was  said 
to  be  graduated  at  the  rate  of  so  many  feet  per  mile,  mean- 
ing thereby  that  the  prevailing  acclivities  were  regulated 
according  to  that  rate  of  inclination. 

It  was  held  by  some  engineers,  that  gradients,  even  within 
the  limits  above  mentioned,  were  so  disadvantageous,  espe- 
cially on  lines  where  great  speed  of  transport  was  contem- 
plated, that  flat  gradients  or  a  nearly  level  line  should  be 
obtained  at  almost  any  practicable  cost. 

(363.)  Method  of  concentrating  the  ascent  to  obtain  a 
generally  level  line. — Where  the  natural  form  of  the  country 
through  which  a  line  of  railway  was  carried  required  an 
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ascent  from  one  general  level  to  another,  it  was  held  by 
some  engineers  that  it  was  more  advisable  to  concentrate  the 
ascent  at  one  place,  making  the  remainder  of  the  line  nearly 
level,  and  effecting  the  ascent  by  one  steep  inclined  plane 
instead  of  distributing  it  more  equally  over  the  line  by  a 
series  of  more  gentle  gradients.  Under  such  a  system,  the 
single  inclined  plane  into  which  the  ascent  would  be  con- 
centrated, and  which  would  form  as  it  were  a  step  from  the 
lower  to  the  higher  level,  would  be  worked  by  stationary 
engines  and  ropes,  or  by  some  other  exceptional  power. 

(364.)  The  question  of  gradients  raised  in  parliamentary 
committee. — These  two  systems  were  brought  into  direct 
contest  when  the  project  for  constructing  the  London  and 
Southampton  railway,  since  called  the  South  Western,  was 
brought  forward. 

When  the  company  applied  to  parliament  for  its  sanction 
in  1836,  it  was  opposed  by  the  Great  Western  Railway 
Company,  and  one  of  the  grounds  of  opposition  turned  upon 
the  question  of  gradients.  The  Great  Western  railway  was 
laid  out  so  as  to  be  in  general  nearly  a  dead  level,  with  the 
exception  of  a  single  inclined  plane  of  considerable  length 
and  steepness,  situate  near  Box  hill,  in  the  neighbourhood  of 
Bath :  it  was  proposed  at  that  time  to  work  tliis  inclined 
plane  by  a  stationary  engine  and  rope. 

The  Southampton  line,  on  the  other  hand,  was  laid  out  so 
as  to  undulate  with  a  series  of  gradients,  the  prevailing  ac- 
clivity of  which  was  one  in  two  hundred  and  fifty,  or  about 
twenty  feet  a  mile. 

The  great  contest  on  this  question  took  place  before  a  com- 
mittee of  the  House  of  Lords. 

I  was  employed  on  this  occasion  by  the  London  and 
Southampton  Company,  for  the  purpose  of  investigating,  by 
such  means  as  theory  and  experiment  might  supply,  the 
actual  effects  of  such  an  undulating  line  upon  the  moving 
power. 

(365.)  Arguments  of  the  partisans  of  the  Great  Western 
line.  —  It  was  maintained  by  the  partisans  of  the  flat  gra- 
dients of  the  Great  Western,  that  the  Southampton  line 
must  be  worked  under  disadvantages  so  enormous,  owing  to 
the  resistance  which  would  be  produced  by  its  gradients, 
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that  it  would  be  expedient,  if  not  indispensable,  to  avoid  such 
gradients  altogethei',  by  taking  a  circuitous  course,  rendering 
tlie  line  longer,  but  thereby  securing  a  nearly  level  line,  like 
the  Great  Western.  In  short,  a  portion  of  the  Great 
Western  itself  was  to  form  a  part  of  such  circuitous  route ; 
and  thus  the  interests  of  that  company  happened,  in  this 
case,  to  fall  in  with  the  theory  of  the  engineer. 

(366.)  Dr.  Lardner  advocates  the  South  Western  system. 
—  At  the  time  of  this  investigation  a  sufficient  extent  of 
railway  had  not  been  brought  into  operation  to  afford  the 
means  of  any  extensive  series  of  experiments,  to  detei-mine 
directly  the  manner  in  which  the  resistance  of  railway 
trains  to  the  moving  power  was  governed,  and  especially  how 
it  was  affected  by  gradients. 

(367.)  Demonstrates  the  compensatmg  effect  of  certain 
limited  gradients.  — 1  was  therefore  compelled,  in  the  investi- 
gation I  had  undertaken,  to  depend  chiefly  on  theory.  I 
maintained,  however,  as  will  be  seen  by  reference  to  the 
printed  parliamentary  reports,  that  upon  the  undulating  line 
there  would  be  a  compensating  power  in  descending  the  ac- 
clivities, which  would,  to  a  considerable  extent,  balance  the 
disadvantages  in  ascending  them  ;  that  in  a  journey  to  and 
fro,  on  such  a  line,  the  total  expenditure  of  power  would  not 
be  much  greater  than  upon  a  dead  level ;  that  the  average 
speed  would  not  be  much  less,  although  in  the  course  of  the 
complete  journey  it  would  be  much  more  variable ;  that  on 
the  ascending  gradients  the  engine  would  have  to  overcome 
a  greater  resistance,  to  expend  more  power,  and  to  move 
slower,  but  that  this  expenditure  of  power  and  loss  of  time 
would  be,  in  a  great  measure,  made  up  in  the  descending 
gradients,  where  the  resistance  w^ould  be  less  considerable, 
and  the  speed  greater. 

(368.)  The  partisans  of  the  Great  Western  fail.  —  This 
theory,  as  it  was  then  not  unjustly  called,  for  as  yet  it  could 
not  have  been  brought  to  the  test  of  experimental  verifi- 
cation, was  stigmatised  as  altogether  erroneous,  was  fiercely 
attacked,  and  covered  with  ridicule  ;  nevertheless,  it  prevailed 
with  parliament,  the  bill  for  the  South  Western  Company 
was  passed,  and  the  line  was  finally  constructed,  and  worked 
with  the  success  which  is  well  known. 


RAILWAY  GRADIENTS.  383 

(369.)  The  principle  of  compensating  gradients  established 
\y  experiment.  —  While  these  disputes  were  in  progress,  the 
)ractical  construction  of  railways  was  continued,  and,  at  a 
ater  period,  in  the  year  1838,  an  opportunity  presented  itself 
;o  me  of  submitting  the  question  of  the  resistance  to  railway 
rains  to  experiment  upon  a  large  scale. 

I  induced  the  British  Association  to  appoint  a  committee, 
uid  to  appropriate  funds  for  a  series  of  experiments  on  this 
subject.  It  happened  at  the  same  time  that  a  question 
raised  by  some  of  the  principal  railway  companies  rendered 
I  similar  inquiry  necessary,  and  I  was  appointed  by  them  to 
conduct  an  extensive  series  of  experiments,  and,  having  like- 
ipise  the  direction  of  the  inquiry  instituted  by  the  British 
Association,  I  was  enabled  to  obtain  means  of  experimenting 
which  would  have  been  otherwise  unattainable. 

(370.)  Method  of  measuring  the  resistance  to  the  tractive 
power.  —  The  first  object  was  to  obtain  an  efficient  means  of 
measuring  the  resistance  which  a  railway  train,  moving  with 
considerable  speed,  opposed  to  the  tractive  power. 
-  Mechanical  instruments  interposed  between  the  engine 
and  the  train,  by  which  the  force  of  traction  might  be  mea- 
sured, were  found  quite  inapplicable,  owing  to  the  continual 
inequalities  of  the  resistance.  After  various  failures  in 
the  application  of  means  such  as  those,  I  resolved  on  adopt- 
ing gravity  itself  as  the  measure  of  the  resistance. 

The  manner  in  which  I  applied  it  depended  on  the  follow- 
ing mechanical  principle. 

It  is  demonstrated  in  mechanics,  that  if  a  body  impelled 
or  driven  by  a  moving  force  is  maintained  at  a  uniform  ve- 
locity, then  the  energy  of  the  moving  force  must  be  pre- 
cisely equal  to  the  resistance  which  the  body  opposes  to  it. 
If  the  motion  be  accelerated,  that  is  to  say,  if  the  speed  of 
the  body  moved  be  continually  increased,  then  the  energy  of 
the  moving  force  must  be  greater  than  the  resistance  of  the 
body  moved  ;  and,  finally,  if  the  speed  of  the  body  moved  be 
continually  diminished,  then  the  energy  of  the  moving  force 
must  be  less  than  the  resistance  of  the  body  moved. 

From  this  principle  it  is  clear  that  if  we  possess  any  means 
of  knowing  the  exact  measure  of  the  moving  force,  and  can 
observe  at  the  same  time  the  velocity  of  the  body  moyed. 
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we  can  always  determine,  by  the  uniformity  of  the  velocity, 
the  amount  of  the  resistance,  for  the  resistance  will  be  in 
such  case  equal  to  the  moving  force. 

For  example,  if  a  railway  train  descend  an  inclined  plane, 
impelled  by  no  other  force  than  its  tendency  to  move  bj 
gravity  down  the  plane,  and  in  its  descent  is  found  tc 
liave  a  perfectly  uniform  velocity,  it  is  certain  from  the 
principle  above  explained  that  the  resistance  which  the  train 
offers  is  exactly  equal  to  that  portion  of  gravity  which  impels 
tlie  train  down  the  plane.  If  such  a  plane  fall  at  the  rate  oi 
one  foot  in  one  hundred,  then  the  resistance  of  the  train  would 
be  the  one  hundredth  part  of  its  weight. 

It  follows,  therefore,  that  such  a  train  moved  on  a  level 
loith  the  same  uniform  velocityvi onXdi  require  a  tractive  force 
equal  to  the  one  hundredth  part  of  the  gross  weight  of  the 
train. 

(371.)  Metliod  of  experimenting . —  To  apply  this  principle 
experimentally,  it  was  necessary  to  select  among  the  raihvays 
in  operation  a  number  of  inclined  planes  having  diflferent 
declivities,  and  to  start  from  the  summit  of  such  planes  with 
a  sufficiently  gi-eat  speed. 

This  was  accomplished  in  the  following  manner : — 
The  train  being  placed  at  some  distance  from  the  summit 
of  the  plane,  was  impelled  by  an  engine  placed  behind  it 
towards  the  summit,  and  arriving  there  was  deserted  by  the 
engine,  and  allowed  to  go  down  the  plane  with  no  other  im- 
pelling force  than  the  gravity  of  the  descent. 

In  order  to  observe  with  accuracy  the  speed  of  the  motion, 
on  which,  in  this  case,  every  thing  depended,  the  plane  was 
previously  staked  out  with  posts  at  intervals  of  a  hundred 
yards.  The  time  of  passing  each  post  was  accurately  taken  by 
two  observers,  each  furnished  with  a  watch  beating  seconds,  so 
that  with  a  little  practice  it  was  not  difficult  to  bisect  a  second 
so  as  to  take  to  half  a  second  the  moment  of  time  at  which  the 
train  passed  each  post,  the  two  observers  checking  each  other. 
(372.)  Remarkable  result  of  the  experiments.  —  This  ar- 
rangement being  made,  a  train  of  coaches,  properly  loaded, 
was  started  at  high  velocities,  and  descended  down  a  variety' 
of  inclined  planes.  The  result  was  as  remarkable  as  it  was 
unexpected. 
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Instead  of  being  perpetually  accelerated  down  these  de- 
clivities, as  it  should  have  been,  according  to  all  the  notions 
previously  received,  it  was  found  that  the  train  yiaiS  gradually 
retarded,  that  the  interval  of  passing  over  every  successive 
hundred  yards  was  greater  as  the  train  proceeded,  until 
at  length  it  attained  a  certain  uniform  speed,  with  which  it 
moved  down  the  remainder  of  the  declivity  with  all  the 
uniformity  of  the  hand  of  a  clock. 

This  uniform  speed  attained  by  the  train  was  different 
on  different  planes,  according  to  their  steepness,  and  also 
according  to  the  weight  with  which  the  trains  were  loaded. 
It  was  also  found  to  vary  with  the  sort  of  carriages  or 
waggons  that  composed  the  train.  Thus  trucks  loaded  with 
iron  went  down  with  a  greater  velocity  than  passenger 
coaches ;  and  the  velocity  of  the  latter  was  greater  according 
to  the  load  they  carried. 

(373.)  All  former  estimates  of  resistance  proved  erroneous, 
—  All  these  circumstances  suggested  at  once  the  conclusion 
that  the  principle  generally  received  by  engineers,  that  the 
resistance  to  railway  trains  was  independent  of  the  speed,  was 
altogether  erroneous,  and  that,  on  the  contrary,  that  resistance 
varied  in  a  very  high  ratio  with  the  speed  of  the  train. 
Indeed,  it  was  evident  that  the  chief  part  of  that  resistance 
at  high  speeds  was  produced  by  the  atmosphere ; '  but  for 
practical  purposes  it  was  not  at  all  material  whether  it  were 
produced  by  the  atmosphere  alone,  or  by  that  combined  with 
mechanical  causes.  It  was  at  all  events  evident,  whatever 
might  be  its  causes,  that  it  augmented  with  the  speed. 

Let  us  now  see  how  these  experiments  indicated  the  actual 
amount  of  the  resistance,  and  how  they  affect  the  question  of 
high  or  low  gradients  on  railways. 

A  train  of  passenger  coaches,  weighing  forty  tons  gross, 
was  started  down  an  inclined  plane,  falling  at  the  rate  of  one 
foot  in  ninety.  'The  speed  with  which  it  was  dismissed  from 
the  summit  was  about  forty  miles  an  hour.  As  it  went  down, 
this  speed  was  gradually  diminished,  until  it  was  reduced  to 
thirty-one  miles  an  hour.  At  that  rate  the  train  descended 
to  the  bottom  of  the  plane  with  a  velocity  accurately  uniform. 

Now  the  impelling  force  given  to  the  train  in  this  case 
was  a  ninetieth  part  of  its  weight,  and  it  consequently  fol- 
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lowed  that  such  a  train,  if  moved  on  a  level  at  thirty-one 
miles  an  hour,  would  require  a  tractive  force  amounting  to  a 
ninetieth  part  of  its  weight,  or  about  twenty-five  pounds  per 
ton  gross. 

How  much  at  variance  these  results  were  with  tlie  doctriae 
previously  received  will  be  understood,  when  it  is  remem- 
bered that  the  resistance  given  by  this  doctrine  for  such  a 
train  was  a  two  hundred  and  fiftieth  part  of  the  load,  or 
about  nine  pounds  a  ton  ! 

By  similar  experiments  made  with  a  coach  train  of  fifty  tons 
weight,  it  was  found  that  the  resistance  which  it  opposed  to 
a  tractive  power  when  moved  at  twenty-two  and  half  miles 
an  hour,  was  the  two  hundreth  part  of  the  weight  moved,  or 
eleven  and  a  half  pounds  a  ton ;  at  thirty-one  and  a  half  miles 
an  hour,  it  was  the  one  hundred  and  fiftieth  part  of  the  weight, 
or  17-p,y  lbs.  per  ton;  and  at  forty-four  miles  an  hour,  it 
was  the  one  hundreth  part  of  its  weight,  or  22^^  lbs.  per  ton. 

(374.)  Resistance  proved  to  increase  in  a  high  ratio  with 
the  speed.  —  It  appears  then,  from  these  experiments,  that,  in 
the  case  of  the  particular  train  on  which  they  were  made,  the 
resistance  was  nearly  doubled  by  doubling  the  speed. 

In  the  case,  however,  of  other  experiments  made  on  the 
same  principle  with  other  passenger  trains,  it  was  found  that 
the  resistance  increased  in  a  considerably  higher  ratio  than 
the  speed  ;  while,  on  the  other  hand,  experiments  made  with 
waggons  carrying  heavy  merchandise  showed  that  the  re- 
sistance did  not  increase  in  so  high  a  ratio  as  the  speed. 
But  in  all  cases,  without  exception,  there  was  found  to  be 
an  augmentation  of  resistance,  more  or  less  considerable, 
with  the  augmentation  of  speed. 

(375.)  Priyiciple  of  compensation  more  fully  confirmed. — 
The  principle  of  compensation,  which  I  had  previously  ad- 
vanced only  upon  theoretical  principles  before  the  House  of 
Lords,  was  confirmed  and  established  practically  by  the  re- 
sults of  these  experiments. 

It  was  evident,  not  only  from  the  particular  experiments 
to  which  I  have  here  adverted,  but  from  many  others  made 
under  a  great  variety  of  circumstances,  that  the  resistance 
opposed  by  a  train  to  the  tractive  power  increased,  in  general, 
in  a  high  ratio  with  the  speed.  It  is  true  that  the  exact 
arithmetical  expression  of  this  ratio  w^as  not  obtained,  nor, 
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indeed,  was  it  possible,  seeing  that  it  was  different  with  dif- 
ferent sorts  of  trains.  Thus,  in  a  light  coach  train  of  about 
forty  tons,  the  increase  of  resistance  was  very  considerable 
with  the  increase  of  velocity.  I  have  explained  that  such  a 
train  moving  upon  a  level,  at  thirty-one  miles  an  hour,  pro- 
duced a  resistance  equal  to  a  ninetieth  part  of  the  load,  or 
about  twenty-five  pounds  a  ton ;  while  another  coach  train, 
weighing  fifty  tons,  and  moving  at  forty-four  miles  an  hour, 
produced  a  resistance  equal  to  the  one  hundreth  part  of  the 
load,  or  22^  lbs.  per  ton. 

It  was  thus  found,  in  general,  as  might  indeed  have  been 
expected,  that  the  more  heavily  laden  a  train  is,  the  less  will 
be  the  resistance,  in  proportion  to  its  weight,  at  a  given 
velocity. 

(376.)  Resistance  increases  nearly  as  velocity.  —  It  ap- 
peared, from  a  variety  of  experiments,  that  by  varying  the 
velocity  of  an  ordinary  coach  train,  the  resistance  it  opposed 
to  the  tractive  power  was  very  nearly  in  the  proportion  of 
the  velocity. 

Thus  in  the  case  already  cited  of  a  coach  train  weighing 
fifty  tons,  moved  successively  with  the  velocities  of  22^, 
30,  and  44  miles  an  hour,  the  resistances  were,  respectively, 
\\\  lbs,  17x«j  lbs.,  and  22-^^  lbs.  per  ton.  The  latter  num- 
bers do  not  vary  much  from  the  proportion  of  the  former. 

(377.)  Experimental  trip  to  verify  the  principle  of  com- 
pensation.— In  order  to  submit  this  principle  of  compensation 
to  a  still  more  decisive  practical  test,  and  to  establish  it  by  a 
sort  of  "  experimentum  crucis,"  I  resolved  to  make  a  trip  of 
considerable  length,  with  a  heavy  load,  upon  an  undulating 
railway,  observing,  and  recording  with  the  last  degree  of 
accuracy,  the  varying  speed  of  the  train  in  ascending  and 
descending  the  several  gradients ;  and  also  observing  the 
corresponding  rate  of  evaporation  of  the  boiler  and  the  con- 
sumption of  fuel  in  the  furnace. 

A  coach  train  weighing  eighty  tons  was  accordingly  pre- 
pared, and  a  trip  was  made  from  Liverpool  to  Birmingham, 
and  back  from  Birmingham  to  Liverpool,  over  a  line  of  rail- 
way 95  miles  in  length,  which  gave  a  total  distance  travelled 
of  190  miles.  The  gradients  upon  this  line  have  a  variety  of 
steepness,  from  a  level  to  thirty  feet  a  mile.    The  experiment 
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took  place  in  July,  1839,  the  train  being  propelled  by  tlie 
engine  called  the  Hecla. 

The  following  table  shows  the  uniform  speeds  with  which 
the  train  ascended  and  descended  the  several  gradients,  and 
also  the  mean  of  the  ascent  and  descent  in  each  case,  as  well 
as  the  speed  upon  the  level  parts  of  the  line :  — ■ 


Speed. 

Gradient. 

Mean. 

Ascending. 

Descending. 

One  in 

Miles  per  Hour. 

Miles  per  Hour. 

177 

22-25 

41-32 

31-78 

265 

24-87 

39  13 

32-00 

330 

25-26 

37-07 

31-16 

400 

26-87 

36  75 

31  81 

532 

27-35 

34-30 

30-82 

590 

27-37 

3316 

30-21 

650 
Level     - 

29-03 

32-58 

30-80 

30-93 

From  this  table  it  is  apparent  that  the  gradients  do  posse.-^s 
the  compensating  power  with  respect  to  speed  already  men- 
tioned. The  discrepancies  existing  among  the  mean  values 
of  the  speed  are  only  what  may  be  fairly  ascribed  to  casual 
variations  in  the  moving  power.  The  experiment  was  made 
under  favourable  circumstances :  little  disturbance  was  pro- 
duced from  the  atmosphere  ;  the  day  was  quite  calm.  In  the 
same  experiment  it  was  found  that  the  water  evaporated 
varied  very  nearly  in  proportion  to  the  varying  resistance, 
and  the  amount  of  that  evaporation  may  be  taken  as  afford- 
ing an  approximation  to  the  mean  amount  of  resistance. 
Taking  the  trip  to  and  from  Birmingham  over  the  distance 
of  190  miles,  the  mean  evaporation  per  mile  was  3-36  cubic 
feet  of  water.  The  volume  of  steam  produced  by  this  quan- 
tity of  water  will  be  determined  approximately  by  calculating 
the  number  of  revolutions  of  the  driving  wheels  necessary  to 
move  the  engine  one  mile.  The  driving  wheels  being  5  feet 
in  diameter,  their  circumference  was  15-7  feet,  and  conse- 
quently in  passing  over  a  mile  they  would  have  revolveJ 
336'3  times.  Since  each  revolution  consumes  four  cylinders 
full  of  steam,  tlie  quantity  of  steam  supplied  by  the  boiler  to 
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tlie  cylinders  per  mile  will  be  found  by  multiplying  the 
contents  of  the  cylinder  by  four  times  336'3,  or  1345 "2. 
The  cylinders  were  124  inches  diameter,  and  18  inches  in 
length,  and  consequently  their  contents  were  1*28  cubic  feet 
fur  each  cylinder:  this  being  multiplied  by  134o"2  gives 
1721-86,  or  1722  cubic  feet  of  steam  per  mile.  It  appears, 
therefore,  that  supposing  the  priming  either  nothing  or  in- 
significant, which  was  considered  to  be  the  case  in  these  ex- 
periments, 3"36  cubic  feet  of  water  produced  1722  cubic  feet 
of  steam,  of  the  density  worked  in  the  cylinders.  The  ratio, 
therefore,  of  the  volume  of  the  steam  to  that  of  the  water 
producing  it,  was  1722  to  33-6,  or  51*25  to  1.  The  pressure 
of  steam  of  this  density  would  be  54*5  pounds  per  square  inch. 
Such,  therefore,  was  the  limit  of  the  average  total  pressure 
of  the  steam  in  the  cylinders.  In  this  experiment  the  safety- 
valve  of  the  boiler  was  screwed  down  to  sixty  pounds  per 
square  inch  above  the  atmospheric  pressure,  which  was  there- 
fore the  major  limit  of  the  pressure  of  steam  in  the  boiler ; 
but  as  the  actual  pressure  in  the  boiler  must  have  been  less 
than  this  amount,  the  difference  between  the  pressure  in  the 
cylinder  and  boiler  could  not  be  ascertained.  This  difference, 
however,  would  produce  no  effect  on  the  moving  power  of  the 
steam,  since  the  pressure  of  steam  in  the  cylinders  obtained 
by  the  above  calculation  is  quite  independent  of  the  pressure 
in  the  boiler,  or  of  any  source  of  error  except  what  might 
arise  from  priming.  The  pressure  of  54*5  pounds  per  square 
inch,  calculated  above,  being  the  total  pressure  of  the  steam 
on  the  pistons,  let  14'o  pounds  be  deducted  from  it,  to  re- 
present the  atmospheric  pressure  against  which  the  pistons 
act,  and  the  remaining  forty  pounds  per  square  inch  will  re- 
present the  whole  available  force  drawing  the  train  and  over- 
coming all  the  resistances  arising  from  the  machinery  of  the 
engine,  including  that  of  the  blast  pipe.  The  magnitude  of  a 
12^  inch  piston  being  122*7  square  inches,  the  total  area  of 
the  two  pistons  would  be  245*2  square  inches,  and  the  pres- 
sure upon  each  of  forty  pounds  per  inch  would  give  a  total 
force  of  9816  lbs.  on  the  two  pistons.  Since  this  force  must 
act  through  a  space  of  three  feet,  while  the  train  is  impelled 
through  a  space  of  15*7  feet,  it  must  be  reduced  in  the  pro- 
portion of  3  to  15*7,  to  obtain  its   effect  at  the  point  of 
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contact  of  tlie  wheels  upon  the  rails:  this  will  give  1875 
pounds  as  the  total  force  exerted  in  the  direction  of  the  mo- 
tion of  the  train.  The  gross  weight  of  the  train  being  eighty 
tons,  including  the  engine  and  tender,  this  would  give  a  gross 
moving  force  along  the  road  of  about  234  pounds  per  ton  of 
the  gross  load,  this  force  being  understood  to  include  all  the 
resistances  due  to  the  engine. 

It  appears  from  this,  that  a  coach  train  such  as  the  above, 
weighing  eighty  tons  and  moving  at  the  rate  of  thirty-one 
miles  an  hour  on  a  level,  would  offer  a  resistance  to  the 
moving  power  equal  to  a  ninety-fifth  part  of  the  load ;  and 
consequently,  that  an  inclined  plane,  the  ascent  of  which 
would  double  the  resistance  on  the  level,  would  be  one  Avhich 
would  ascend  at  the  rate  of  one  to  ninety-five  instead  of  one 
in  two  hundred  and  fifty,  as  had  been  previously  supposed 
and  assumed. 

The  results  of  this  series  of  experiments  had  not  long  be- 
come known,  when  various  circumstances  were  brought  to 
light  which  were  before  unnoticed,  and  which  abundantly 
confirmed  them.  Among  these  may  be  mentioned  the  fact, 
that  in  descending  the  Madeley  plane  on  the  North  Western 
railway,  which  falls  for  above  three  miles  at  the  rate  of 
twenty-nine  feet  a  mile,  the  steam  had  never  been  cut  off. 
But,  on  the  other  hand,  to  maintain  the  necessary  speed  in 
descending,  the  power  of  the  engine  is  always  necessary.  As 
this  plane  greatly  exceeds  that  which  would  be  sufficient  to 
cause  the  free  motion  of  the  train  down  it,  the  power  of  the 
engine  expended  in  descending  it,  besides  all  that  part  of  the 
gravitating  power  of  the  plane  which  exceeds  the  resistance 
due  to  friction  and  other  mechanical  causes,  must  be  worked 
against  the  atmosphere. 

(378.)  Series  of  experiments  proving  that  the  resistance  at 
a  given  velocity  depends  mainly  on  the  volume  of  the  train. 
—  That  part  of  the  resistance  opposed  by  a  railway  train  to 
the  tractive  power,  which  is  properly  called  friction,  arises 
altogether  from  the  rolling  motion  of  the  tires  of  the  wheels 
upon  the  rails,  and  from  the  revolution  of  the  axles  of  the 
wheels  in  their  boxes. 

This  resistance  is,  according  to  all  the  established  rules  of 
mechanics,  the  same,  whatever  be  the  speed ;  and  from  the 
experiments  which  I  have  already  alluded  to,  it  follows  that 
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it  bears  a  very  small  proportion  indeed  to  the  total  resistance 
at  any  considerable  velocity. 

The  results  of  the  experiments  showed,  that  with  different 
tmins,  and  on  different  lines,  and  on  different  parts  of  the 
same  line,  it  was  subject  to  considerable  variations. 

This,  however,  was  just  what  ought  to  have  been  expected. 
That  part  produced  by  the  rolling  of  the  wheels  on  the  rail 
would  vary  with  the  condition  of  the  road,  and  that  part  pro- 
duced by  the  revolution  of  the  axle  in  its  bearings  would 
vary  with  the  condition  of  the  fittings  and  of  the  lubrication. 
But  although  variable,  the  total  amount  of  this  proportion 
of  the  resistance  was  at  most  so  small  compared  with  the 
whole,  that  the  uncertainty,  or  rather  the  irregularity,  to 
which  it  is  subject,  is  of  comparatively  small  importance. 

According  to  my  own  experiments,  confirmed  by  those  of 
M.  de  Pambour,  it  may  be  assumed  that  in  ordinary  cases 
thesje  sources  of  resistance  do  not  amount  to  more  than  the 
four  hundredth  part  of  the  load,  or  about  five  pounds  per 
ton. 

The  other  portion  of  the  resistance,  which  augments  in  a 
igh  ratio  with  the  speed,  and  which  depends  upon  the  effect 
of  the  atmosphere  on  the  volume  of  the  train,  constitutes  the 
roost  important  subject  of  enquiry,  since  at  high  speeds  it 
forms  the  chief  portion  of  the  resistance  to  the  moving 
power. 

I  accordingly  instituted,  with  the  assistance  of  Mr.  Edward 
Woods,  and  Mr.  Hardman  Earle,  one  the  engineer,  and  the 
other  a  director  of  the  Liverpool  and  Manchester  railway,  a 
most  extensive  series  of  experiments,  made  with  a  view  to 
ascertain  what  were  the  circumstances  in  the  weight  or  bulk 
of  the  train  which  affected  this  resistance. 

It  had  been  affirmed  that  experiments  made  without  placing 
the  engine  in  front  of  the  train,  caused  a  greater  resistance 
from  the  air  than  if  the  engine  had  been  used,  inasmuch  as 
the  engine  would  act  as  a  sort  of  cut-air  or  bow,  after  the 
manner  of  the  bow  of  a  ship  in  passing  through  the  water. 

I  accordingly  tested  this  in  several  ways.  ITie  engine  was 
placed  in  front  of  the  train,  and  it  was  found  that  it  did  not 
produce  the  effect  ascribed  to  it;  but  in  order  to  reduce  more 
directly  to  experiment  the  question  of  the  shape  of  the  front 
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of  the  train,  I  caused  a  pointed  end  to  be  constructed  in 
wood,  and  to  be  attached  to  the  foremost  carriage,  the  engine 
being  removed.  The  train  thus  presented  to  the  air  a  very 
acute  wedge.  It  was  found,  however,  by  repeated  experi- 
ments, that  the  resistance  to  the  motion  of  the  train  was 
precisely  the  same  whether  this  pointed  wedge  was  placed 
upon  it,  or  it  were  allowed  to  move  with  the  flat  end  of  the 
foremost  coach  presented  to  the  atmosphere. 

On  the  other  hand,  it  was  desired  to  ascertain  how  far  the 
resistance  would  be  affected  by  enlarging  the  flat  frontnge  of 
the  foremost  coach.  A  front  was  therefore  constructed  of 
boards,  which  extended  two  feet  beyond  each  side  of  such 
•coach,  and  two  feet  above  its  roof.  The  train  being  im- 
pelled with  this  enlarged  frontage,  it  was  again  found  that 
no  effect  whatever  was  produced  upon  the  resistance.  In 
fine,  the  train  offered  precisely  the  same  resistance,  whether 
moved  with  the  flat  end  on  the  foremost  carriage,  or  with 
the  pointed  wedge,  or  with  the  enlarged  flat  frontage  la.st 
mentioned. 

It  has  been  suggested  that  the  resistance  of  the  atmosphere 
would  be  affected  by  the  form  of  the  hinder  surface  of  the 
last  carriage  of  the  train,  inasmuch  as  when  the  train  was 
moved  with  a  great  speed,  a  momentary  vacuum,  or  partial 
vacuum,  would  be  produced  behind  the  train,  which  removing 
the  atmospheric  pressure  on  that  side  would  augment  its 
effect  in  front. 

Although  it  was  easy  to  show  by  theory  the  fallacy  of  this, 
it  was  thought  better  to  test  it  by  experiment.  The  pointed 
end  was  therefore  attached  to  the  back  of  the  last  carriage, 
and  the  experiments  were  repeated  without  the  slightest 
difference  in  tlie  results. 

It  had  been  also  suggested  that  the  great  resistance  which 
had  been  found  at  high  speeds,  might  be  produced  by  the 
open  space  between  the  successive  carriages  forming  the 
train. 

To  test  this,  this  space  was  stopped  by  canvass  extended 
between  every  pair  of  coaches,  so  that  the  entire  train  was 
converted  into  one  continuous  parallelepiped,  and  the  experi- 
jnent  was  repeated  without  variation  in  the  result. 

It  followed,  therefore,  that  neither  the  magnitude  of  the 
frontage,  nor  the  shape  of  the  frontage,  nor  the  magnitude  or 
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shape  of  the  hinder  end  of  the  train,  nor  the  space  between 
the  successive  coaches,  had  any  relation  to  the  resistance  pro- 
duced by  the  air. 

All  these  results  led  me  to  infer  that  the  amount  of  the 
resistance  depended  on  the  volume  of  air  displaced  by  the 
train,  and  that  consequently,  other  things  being  the  same, 
this  resistance  would  be  proportional  to  the  volume  of  the 
coaches  composing  the  train. 

To  test  this  experimentally,  a  train  of  waggons  was  pre- 
pared and  loaded  with  iron,  so  as  to  be  brought  to  the  weight 
of  passenger  coaches  carrying  their  full  load.  Movable 
sides,  ends,  and  roofs  were  made  on  them,  which  being 
erected  and  put  together,  gave  them  the  form  of  passenger 
coaches ;  but  which  also  could  be  taken  down  and  laid  flat 
upon  the  waggons,  so  as  to  reduce  the  volume  of  the  train  to 
that  of  the  waggons  themselves. 

The  train  of  waggons  thus  prepared  was  submitted  to  ex- 
periment, being  moved  successively  with  the  sides,  ends,  and 
roofs  erected,  and  with  the  same  laid  flat  on  the  waggons. 
The  result  proved  that  the  resistance  was  greatly  increased 
when  the  waggons  had  the  bulk  of  the  coaches  compared 
with  its  amount  when  reduced  to  the  form  of  waggons. 

Thus  was  established  the  general  principle,  that  the  resist- 
ance of  the  atmosphere  to  railway  trains,  other  things  being 
the  same,  depends  on  the  volume  or  magnitude  of  the 
coaches. 

Those  who  may  be  curious  to  examine  the  details  of  these 
experiments,  will  find  them  in  the  published  proceedings 
of  the  British  Association  for  1838,  page  197 ;  and  1841, 
page  205. 

(379.)  Cause  of  the  rolling  and  rocking  motion  of  a  train 
at  high  speed  explained.  —  A  rocking  motion  from  side  to 
side,  which  is  felt  in  trains  moving  at  very  great  speed,  is 
often  complained  of  as  inconvenient  and  disagreeable  to 
passengers,  and  a  source  of  serious  alarm  and  danger.  When 
such  an  oscillation  takes  place,  the  flanges  of  the  wheels  strike 
alternately  against  the  rails  right  and  left ;  and  if  they  en- 
counter an  uneven  joint,  a  weak  or  defective  rail,  or  a  chair 
imperfectly  fixed,  or,  in  a  word,  any  other  slight  defect,  there 
is  a  great  liability  of  the  wheels  escaping  from  the  rails ;  or 
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ii  they  do  not  escape,  the  fracture  or  other  injury  they  may 
produce  will  prepare  the  place  for  an  accident  on  the  passage 
of  a  succeeding  train. 

The  cause  most  generally  assigned  for  these  oscillations  felt 
by  railway  travellers,  and  especially  those  who  go  by  express 
trains,  is  usually  the  flanges  having  too  much  play  between 
the  rails,  and  this  no  doubt  has  some  share  in  producing  it ; 
but  I  apprehend  it  arises  chiefly  fi'om  a  circumstance  which 
does  not  appear  to  have  much  attracted  the  attention  of 
engineers,  although  it  was  ascertained  in  the  course  of  the 
experiments  just  referred  to,  and  pointed  out  in  more  than 
one  report  which  I  then  and  afterwards  published. 

From  a  variety  of  experiments  made  with  other  views,  I 
was  led  to  suspect  that  in  laying  down  the  rails  the  con- 
tractors of  the  line  had  not  sufficiently  attended  to  the  ad- 
justment of  the  two  rails  to  the  same  level,  nor  even  to 
preserve  with  sufficient  precision  a  uniform  level  in  either 
rail. 

Any  irregularity  in  the  level  would  evidently  tend  to  pro- 
duce a  rocking  motion  of  the  carriage  much  more  than  would 
too  much  play  between  the  flanges  ;  and  such  irregularity 
would  in  fact  greatly  augment  the  evil  arising  from  such 
(excess  of  play.  Thus  let  us  suppose  that  for  one  hundred 
feet  of  a  line,  the  right-hand  rail  was  half  an  inch  above  the 
level  of  the  left-hand  rail,  and  that  for  the  next  hundred  feet 
the  left-hand  was  half  an  inch  above  the  level  of  the  right- 
hand  rail,  and  so  on  alternately.  It  is  evident  that  such  an 
alternate  difference  of  level  would  give  the  carriage  a  tendency 
to  press  towards  the  right  and  the  left  by  turns  ;  and  that 
in  great  speeds,  when  the  intervals  would  be  passed  over 
rapidly,  the  carriage  would  acquire  the  oscillating  or  rock- 
ing motion  complained  of,  and  that  this  would  be  aggravated 
by  the  play  given  to  the  flanges. 

(380.)  Instrument  to  ascertain  the  relative  level  of  the 
rails.  —  In  order  to  ascertain  how  far  such  a  defect  prevailed 
in  laying  down  the  rails,  I  constructed  a  sort  of  mercurial 
level  in  the  following  manner.  An  iron  three-quarter  inch 
pipe  AB,  Jig.  109.,  of  a  length  equal  to  the  gauge  of  the 
railway,  had  attached  to  it  two  rectangular  pipes  A  c  and 
U  D,  of  the  same  diameter,  placed  vertically. 

Mercury  was  poured  in  so  as  to  fill  the  horizontal  pipe 


RAILWAY  GRADIENTS.  395 

A  B,  and  a  portion  of  the  vertical  legs  a  c  and  b  d.     Floats 
T     ^  Pi-  J09  ^_^      F  with  index  n)ds  i  were 

supported  on  the  surface 
of  the  mercury,  so  that 
the  rise  or  fall  of  the 
column  in  each  leg  was 
rendered  visible  by  the 
movement  of  the  index 
I,  and  could  be  register- 
ed by  a  point  or  pencil 
attached  to  sucli  index. 
(381.)  Singular  results  of  experiments  made  tcit/i  it. — 
Proper  means  were  taken  of  marking  the  position  of  the 
index  when  the  pipe  a  b  was  truly  leveL  This  instrument 
was  placed  across  a  railway  truck,  and  so  arranged  that  when 
the  wheels  of  the  truck  rested  on  level  rail?,  the  index  i 
pointed  to  the  0  of  the  scale  annexed  to  it.  The  truck  was 
then  advanced  with  a  very  slow  motion  along  the  rails,  and 
it  was  found  that  the  index  rose  and  fell  alternately  through 
very  considerable  spaces,  thus  proving  incontestibly  that  the 
rj^ils  on  the  one  side  and  the  other  were  laid  down  with  very 
considerable  deviations  from  an  uniform  level. 

(382.)  Difference  of  level  of  rails  produces  undulation  of 
train.  —  It  cannot  be  doubted,  therefore,  that  this  is  one  of 
the  causes,  if  not  the  chief  cause,  of  the  oscillating  motion. 

(383.)  Tkis  effect  less  oh  the  wide  gauge.  —  It  must  be 
observed  that  the  same  degree  of  irregularity  in  the  level  of 
the  rails  will  have  a  less  tendency  to  produce  oscillation,  in 
proportion  to  the  magnitude  of  the  gauge.  If  one  rail  be  an 
inch  higher  than  the  other,  with  a  gauge  of  fifty-six  and  a 
half  inches,  the  corresponding  inclination  of  a  carriage  rest- 
ing upon  them  will  be  greater  than  the  same  difference  of 
elevation  would  render  it  on  a  gauge  of  eighty-four  inches,  in 
the  ratio  of  eighty -four  to  fifty-six  and  a  half. 

This  will  explain  a  fact  reported  by  the  gauge  commis- 
sioners, as  a  result  of  their  experiments  on  the  wide  and 
narrow  gauges.  They  affirm  that  they  found  the  movement 
on  the  broad  gauge  at  high  speeds  was  more  easy  and  equal 
than  on  the  narrow  gauge. 

This  is  precisely  the  consequence  that  would  ensue  upon 
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the  supposition  that  the  same  inequalities  of  level  were 
incident  to  both  gauges,  the  greater  width  of  the  one  render- 
ing its  tendency  to  produce  oscillation  proportionately  less 
than  the  other. 

(384.)  Express  trains  aggravate  the  danger.  —  The  at- 
tention of  engineers  to  this  circumstance  is  more  imperiously 
required  since  the  adoption  of  high  speeds  with  the  ex- 
press trains.  When  the  motion  of  the  carriages  is  more 
moderate,  the  alternate  rising  and  falling  on  the  one  side  or 
the  other  does  not  fling  the  mass  of  the  carriages  with  such 
dangerous  force  to  the  right  and  to  the  left,  as  is  the  case 
with  the  high  speeds  of  the  express  trains. 

(385.)  Cause  of  the  pitching  motion. —  I  have  here  noticed 
only  such  irregularities  of  level  in  the  rails  as  give  the  car- 
riage an  inclined  position  alternately  to  the  one  side  and  to 
the  other,  and  thereby  produce  a  rocking  motion.  There  is, 
liowever,  another  modification  of  irregular  levels  which  pro- 
duces the  pitching  motion  so  often  complained  of  on  railways, 
and  which  is  also  attended  with  considerable  danger. 

Let  us  suppose  that  the  alternate  elevation  and  depression 
of  the  two  rails  correspond  to  each  other  for  any  distance 
along  the  line,  both  rails  rising  and  falling  together,  or  nearly 
so.  The  carriage  will  thereby  have  a  motion  such  as  would 
be  produced  in  passing  over  a  succession  of  ridges,  ascending 
and  descending  with  an  undulating  pitching  motion.  If  the 
elevation  and  depression  be  long,  this  pitching  will  not  be 
sensible  except  at  high  velocities,  when  the  carriage  takes 
but  a  short  time  to  pass  through  the  hollow,  and  over  the 
crest  of  each  successive  elevation. 

At  the  time  at  which  I  made  the  experiments  above 
mentioned,  upon  the  variations  of  the  levels  of  the  two  rails 
taken  transversely,  I  had  no  opportunity,  nor  have  I  since 
had,  of  testing,  experimentally,  tlie  variations  of  the  level  of 
each  rail  separately ;  but  an  experiment  is  the  less  necessary, 
inasmuch  as  such  variation  necessarily  follows  from  the 
former  one. 

The  small  variations  of  level  which  thus  produce  the 
rolling  and  pitching  motion  of  carriages,  even  if  they  do  not 
exist  in  well  constructed  railways,  will  soon  be  produced  by 
the  unequal  subsidence  of  the  substratum  under  the  sleepers, 
an  effect  which  it  is  impossible  to  avoid.     After  a  continuance 
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of  rainy  weather,  when  the  substratum  becomes  saturatetl 
with  water,  the  etifect  of  the  traffic  upon  it  will  be  to  depress 
the  sletper;  and  as  different  effects  will  be  produced  at 
different  points  of  the  line,  according  as  they  are  in  cuttings 
or  embankments,  and  according  to  the  material  of  the  subsoil, 
the  subsidence  will  necessarily  be  variable. 

The  inequalities  of  the  rails  thus  produced  ought  to  be 
corrected,  from  time  to  time,  by  raising  such  sleepers  as  have 
subsided,  by  forcing  gravel  or  some  other  packing  beneath 
them.  It  is  certain,  however,  that  the  uneasy  motion  of 
the  carriage,  by  rolling  and  pitching,  and  the  consequent 
danger  of  the  engine  or  carriages  escaping  from  the  rails, 
will  be  augmented  in  proportion  as  these  inequalities  are 
increased. 

(386.)  The  povcer  of  the  engine  varies  with  the  gradients.  — 
A  railway,  undulating  with  gradients  of  a  certain  steepness, 
will  require  to  be  worked  by  engines  of  greater  power 
than  would  be  required  on  a  dead  level,  or  a  railway  with 
very  low  gradients-  In  the  one  case  there  is  nearly  a  uni- 
form resistance  to  encounter,  and  an  engine  of  correspond- 
ing power  is  provided ;  but  in  the  other  case  an  engine  must 
be  used  possessing  sufficient  power  to  ascend  the  acclivities 
with  the  required  speed,  being  worked  below  its  power  on 
other  parts  of  the  line. 

In  short,  in  the  one  case  the  engine  does  not  require  to 
vary  its  power  by  increasing  or  diminishing  it,  but  in  the 
other  case  it  does,  and  its  capabilities  must  accordingly  be 
suited  to  the  maximum  power  required  from  it 

(387.)  The  evaporating  power  of  the  engine  must  be  aug- 
mented in  the  ratio  of  the  square  of  the  speed.  —  If  it  be 
assumed  that  the  resistance  to  an  ordinary  coach  train,  moving 
on  a  level,  is  augmented  nearly  in  proportion  of  its  speed,  it 
follows  that  the  quantity  of  steam  necessary  to  be  supplied 
to  the  cylinders  per  mile,  being  in  the  direct  ratio  of  the 
resistance,  must  vary  also  as  the  speed.  A  double  speed, 
therefore,  will  involve  the  consumption  of  a  double  quantity 
of  steam  in  performing  any  given  journey.  But  this  double 
quantity  of  steam  must  be  produced  by  the  boiler  in  half  the 
time,  inasmuch  as  the  speed,  being  double  the  journey,  is 
performed  in  half  the  time. 

From  these  considerations  it  follows,  that  if  we  desire  to 
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double  the  speed  with  which  a  train  is  moved  on  any  given 
railway,  we  must  provide  an  engine  having  four  times  the 
evaporating  power,  and  consequently  having  all  its  dimensions 
of  corresponding  magnitude.  4 

It  follows,  therefore,  that  the  power  of  the  engine  must  be 
increased  in  proportion  to  the  square  of  the  speed  which  it  is 
required  to  impart  to  a  given  load. 

(388.)  Singular  error  which  had  hitherto  prevailed  in 
constructing  railways.  —  It  is  curious  to  observe  how  com- 
pletely opposite  to  the  truth  the  conclusions  were  upon  which 
engineers  generally  proceeded  in  the  construction  of  railways, 
and  the  adaptation  of  locomotive  power  to  them.  It  was 
assumed  that  where  an  extreme  speed  of  transit,  such  as  is 
desired  with  light  passenger  trains,  was  the  chief  object,  the 
railway  ought  to  be  laid  down  with  as  low  gradients  as 
could  be  obtained  even  at  the  sacrifice  of  a  great  outlay  of 
capital ;  but  that  where  the  traffic  expected  was  chiefly 
merchandise  or  other  commerce,  requiring  but  moderate , 
speed  with  heavy  loads,  that  then  higher  gradients  might  be 
admitted. 

By  what  has  been  explained  above,  it  is  demonstrable  such 
principles  are  precisely  the  reverse  of  the  truth. 

Heavy  trains,  moved  at  slow  velocities,  require  a  nearly 
level  line  ;  the  increased  resistance  produced  by  ascending 
gradients  cannot  be  compensated  by  diminution  of  a  speed 
already  sufficiently  slow. 

In  working  a  heavy  and  slow  traffic,  therefore,  on  high 
gradients,  it  would  be  necessary  to  provide  engine  power 
sufficient  for  the  ascent,  which,  in  the  descent  and  on  the  level, 
must  be  worked  to  more  or  less  disadvantage. 

But  with  a  light  passenger  traffic,  to  be  worked  at  high 
velocities,  the  diminution  of  speed  on  the  ascending  gradients 
may  be  compensated  for  by  increased  acceleration  on  the 
descending  gradients,  so  that  the  time  of  transit  between 
terminus  and  terminus  of  the  line,  will  be  the  same,  or  nearly 
so,  as  on  a  dead  level.* 

*  For  gradients  and  other  details  of  Foreign  Railways,  see  "Railway 
Economy." 
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CHAPTER  VI. 

RAILWAY   GAUGE. 

(389.)  Magnitude  and  capacity  of  a  railicay.  — Railways, 
like  all  other  structures,  vary  in  magnitude  and  capacity, 
according  to  the  purpose  to  which  they  are  applied,  and  the 
work  to  be  done  upon  them. 

By  magnitude  and  capacity  we  must  not,  however,  under- 
stand length,  because  a  railway  of  insignificant  magnitude 
and  inconsiderable  traflSc  may  have  great  length.  The  mag- 
nitude and  capacity  of  a  railway  depend  upon  those  of  the 
loads  which  can  be  transported  upon  it,  and  these  are 
obviously  proportionate  to  the  magnitude  and  capacity  of  the 
carriages  which  bear  them,  and  the  power  which  impels 
them. 

(390.)  They  depend  upon  the  gauge.  —  Other  things  being 
the  same,  this  capacity  will  depend  on  the  distance  between 
the  rails,  which,  in  the  technical  phraseology  of  engineerinej, 
is  called  i\\e  gauge  of  the  railway. 

This  topic  has  acquired  unusual  interest  from  the  acci- 
dental circumstance  of  the  disputes  between  the  Great 
Western  Railway  Company  and  the  remainder  of  the  rail- 
way interests  throughout  England. 

Nothing  can  more  strongly  demonstrate  how  profound  and 
general  is  the  interest  with  which  every  thing  connected  with 
railways  is  regarded  by  the  public,  than  the  bitterness  which 
has  marked  a  contest,  in  which  dispassionate  and  disinte- 
rested parties  would  find  it  difficult  to  discover  any  ground 
for  a  reasonable  doubt  as  to  the  proper  decision  to  be 
adopted. 

The  distance  between  the  rails  corresponds,  necessarily,  to 
the  distance  between  the  wheels  of  the  carriages  which  roll 
upon  them  ;  and,  although  with  wheels  of  any  proposed  gauge, 
the  body  of  the  carriage  may  admit  of  more  or  less  variation 
and  magnitude,  there  are  still  practical  limits  which  cannot 
be  exceeded ;  and  it  may  be  stated  generally,  that  the  magni- 
tude of  the  carriage,  other  things  being  the  same,  will  be 
augmented,  as  the  gauge  of  its  wheels  and  consequently  that 
of  the  railway  on  which  it  moves,  is  increased. 
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(391.)  The  gauge  has  been  varied  according  to  the  place 
and  circumstances  of  the  railway. —  Railways  were  first  used 
extensively  in  collieries  and  quarries.  The  trucks  and 
waggons  upon  them  were  impelled  sometimes  by  manual 
labour,  and  sometimes  by  horse  power.  Railways  are  ex- 
tensively constructed  through  the  subterranean  w^orkings  of 
mines,  and  are  there  worked  sometimes  by  horses,  and  some- 
times by  manual  labour.  It  is  evident  that  the  magnitude  of 
the  trucks  or  waggons  must  be  regulated  by  this  power : 
where  horses  are  used  there  may  be  a  greater  capacity  than 
where  they  are  impelled  by  manual  labour. 

The  width  of  the  rails,  and  the  consequent  magnitude  of 
the  waggons,  is,  in  many  cases,  also  limited  by  the  available 
wadth  of  the  way.  In  the  working  of  mines  especially,  and 
sometimes  in  quarries,  the  vein  or  working  is  narrow,  and 
the  rails  must  be  limited  to  a  corresponding  width. 

In  such  cases  the  railways  have  been  constructed  with  the 
width  of  from  eighteen  to  twenty  inches.  In  these  and  like 
cases,  the  waggons  are  usually  impelled  by  manual  labour. 

The  gauge  varies  according  to  circumstances,  twenty-four 
inches  and  thirty  inches  being  very  common  widths. 

(392.)  Is  the  same  in  the  same  system  of  lines. — But 
whatever  be  the  gauge,  it  must  be  tlie  same  throughout  the 
same  system  of  working,  whether  of  mines  or  quarries,  for 
the  trucks  and  waggons  built  for  one  gauge  cannot  be  used 
upon  another. 

(393.)  Gauge  regulated  by  the  tractive  potver. — In  cases 
M'here  the  gauge  is  not  limited  by  the  limitation  of  the  width 
of  w^ay,  it  is  regulated  partly  by  the  nature  of  the  impelling 
power,  and  partly  by  the  work  to  be  done.  According  as 
the  impelling  power  is  manual  labour  or  horse  power,  the 
gauge  is  more  or  less  capacious. 

In  the  great  coal  districts  of  the  North  of  England,  besides 
the  railways  constructed  in  the  workings  of  the  mines,  others 
are  formed  between  the  mouths  of  the  pits  from  which  the 
mineral  is  raised,  and  the  port,  river,  or  canal  where  it  is  em- 
barked. These  being  worked  above  ground,  admit  of  the 
application  of  the  locomotive  engine;  and  where  the  work 
to  be  done  is  sufficiently  extensive,  this  power  has  been 
applied. 

The  greater  efficacy  of  steam  power  admitted  of  greater 
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loads,  and  the  width  of  the  rails  was  accordingly  increased, 
when  such  power  was  first  applied. 

(394.)  Gauge  of  first  lines  worked  by  locomotives.  —  Tlie 
circumstances  which  determined  the  gauge  of  the  rails  upon 
which  the  first  locomotive  engines  were  applied,  is  not 
recorded,  but  it  could  scarcely  have  been  merely  accidentaL 
The  gauge  adopted  was  fifty-six  inches  and  a  half,  a  frac- 
tional length  which  it  is  impossible  to  suppose  could  have 
been  adopted,  except  under  the  exigency  of  some  particular 
circumstances.  It  was  probably  the  greatest  width  which 
could  be  conveniently  obtained  in  the  particular  locality 
where  the  first  engines  were  required  to  work.  Be  this  as  it 
may,  fifty-six  inches  and  a  half  was  the  gauge  of  the  first 
railways  on  which  locomotive  power  was  applied. 

(395.)  Mechanism  of  the  engines  adapted  to  this  gauge.  — 
The  wheels,  axles,  and  other  parts  of  the  engines  first  con- 
structed, were,  as  a  mechanical  consequence,  adapted  to  this 
gauge.  The  designs,  patterns,  and  castings,  and  other  me- 
chanical arrangements  of  the  engine  builder,  were  all  pre- 
pared in  accordance  with  it. 

(396.)  Why  this  gauge  became  general.  —  It  may  be 
easily  conceived,  therefore,  that  when  colliery  after  colliery 
adopted  the  use  of  locomotive  power,  there  was  an  obvious 
convenience  in  adhering  to  the  gauge  first  adopted.  On  the 
other  hand,  there  was  no  adequate  object  in  departing  from 
it.  Hence,  the  uniformity  of  this  gauge  in  the  colliery  rail- 
ways, in  which  locomotive  power  was  worked. 

(397.)  Its  adoption  on  the  Liverpool  and  Manchester  line 
explained. — When  the  Liverpool  and  Manchester  railway 
was  projected,  the  engineer  under  whose  superintendence  it 
was  placed,  was  Mr.  George  Stephenson,  who  had  previously 
obtained  a  reputation  as  a  railway  engineer  in  the  collieries, 
in  which  he  was  specially  conversant  with  the  locomotive 
engine.  It  has  been  already  explained  that  the  first  design 
of  the  Liverpool  and  Manchester  railway  was  for  the  trans- 
port of  goods  between  the  two  great  markets  forming  its 
termini,  and  from  which  it  took  its  name.  Its  analogy  to 
the  colliery  railways  in  a  mechanical  point  of  view  was 
therefore  obvious  ;  and  it  was  natural  that  Mr.  Stephenson, 
•prompted,  on  the  one  hand,  by  the  advantage  to  the  loco- 
motive builder  already  mentioned,  and  seeing,  on  the  other, 
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no  special  reason  for  a  departure  from  the  established  j 
gauge,  should  have  adopted  it.  Tlie  first  passenger  line 
was,  therefore,  laid  down  with  the  fifty-six  inch  and  a  linlf 
gauge. 

(398.)  Its  consequent  adoption  on  other  communicaianj 
lines.  —  The  brandies  diverging  from  this,  one  to  Warring- 
ton on  the  south,  and  the  other  to  Bolton  on  the  north, 
together  with  one  or  two  others  of  minor  importance,  were 
necessarily  constructed  with  a  similar  gauge,  since,  other- 
wise, the  carriages,  waggons,  and  engines  could  not  pass 
from  one  to  the  other. 

At  a  later  period,  Birmingham  was  connected  with  War- 
rington, and,  consequently,  with  Liverpool  and  Manchester, 
by  the  Grand  Junction  railway.  The  same  gauge  was,  of 
course,  adopted  on  this,  in  order  that  the  trains  might  run 
without  interruption  through  the  entire  system. 

Later  still,  the  London  and  Birmingham  line  w^as  con- 
structed, which  joining  the  Grand  Junction  of  Birmingham, 
■still  rendered  the  same  gauge  necessary.  In  a  w^ord,  the 
entire  network  of  railways,  of  which  the  London,  Bii-niing- 
ham,  and  Liverpool  lines  may  now  be  regarded  as  the  trunk, 
gradually  came  into  operation,  and  necessarily  assumed  the 
same  gauge. 

(399.)  Its  general  adoption. — Even  incases  where  lines 
of  railway  did  not  immediately  communicate  with  this  exten- 
sive system,  future  and  probable  points  of  contact  were  anti- 
cipated, and  hence  the  fifty-six  inch  and  a  half  gauge  was 
generally  adhered  to. 

(400.)  Increase  of  the  magnitude  and  iceight  of  the  loads. 
—  As  the  art  of  railway  transport  progressed,  it  was  found 
advisable  to  augment  the  powei',  and  consequently  the  mag- 
nitude and  weight  of  the  locomotive  engine.  Small  and  light 
trains,  consisting  of  a  few  waggons  or  carriages,  were  first 
contemplated.  It  was  soon  found  more  profitable  and  more 
expedient  to  carry  larger  and  heavier  trains,  with  greater 
and  more  powerful  engines. 

(401.)  Increase  of  speed,  and  consequently  increased  power 
of  engines.  —  Ultimately,  also,  a  greatly  augmented  speed 
was  desired,  and  this  demanding  a  proportional  evaporating 
power,  rendered  a  still  larger  and  heavier  engine  neces- 
sary. 
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(402.)  Limits  of  gauge  produce  inconvenience.  —  Mean- 
while, among  the  numerous  improvements  made  in  the  ma- 
chinery, was  that  already  adverted  to,  in  virtue  of  which 
the  cylinder?,  cranks,  eccentrics,  and  all  the  other  working 
gear,  were  placed  under  the  engine,  and  between  the  wlieels. 
The  crowding  of  so  much  machinery  within  the  space  limited 
by  the  gauge  of  the  rails,  produced  some  inconvenience  to 
the  engine  builder,  and  also  rendered  the  operation  of  clean- 
ing and  repairing  somewhat  difficult  and  tedious,  and  regret 
was  expressed  by  the  engineers  that  a  few  inches  more  had 
not  been  given  to  the  gauge  in  the  original  construction  of 
the  railway. 

(403.)  TTiese  difficulties  surmounted. — Time  and  ex- 
perience, however,  gradually  surmounted  these  difficulties, 
and  removed  these  inconveniences,  and  means  were  found, 
by  which  machinery  of  sufficient  magnitude  and  power  could 
be  constructed,  without  widening  the  gauge.  It  was,  how- 
ever, generally  agreed  that  it  would  have  been  more  con- 
venient, all  circumstances  considered,  if  a  few  inches  more 
had  been  originally  allowed,  and  that  instead  of  fifty-six 
inches  and  a  half,  the  railway  had  been  laid  down  with  a 
gauge  of  sixty  inches.  The  idea,  however,  of  a  change  in 
the  gauge  did  not  occur  to  any  one,  the  necessity  of  uni- 
formity being  universally  admitted. 

(404.)  Width  of  carriages  greater  than  gauge.  —  Accord- 
ing to  the  mode  of  construction  of  the  carriages  used  upon 
these  railways,  their  width  was  not  limited  to  that  of  the 
gauge.  The  wheels  being  fixed  upon  the  axles,  the  bearing 
of  the  carriages  upon  them,  instead  of  being  between  the 
wheels,  as  in  ordinary  carriages,  was  outside  the  wheels. 
The  axles  being  continued  through  the  wheels,  and  project- 
ing for  a  sufficient  length  outside  it,  the  carriage  rested  upon 
the  axle  by  means  of  a  sort  of  fork,  so  that  the  pressure  of 
the  carriage,  instead  of  being  exerted  beneath  the  axle,  was 
exerted  above  it.  Grease  boxes  were  provided  over  the  axle, 
in  the  fork  just  mentioned,  by  which  the  axle  in  its  bearing 
was  kept  constantly  lubricated  by  a  mixture  of  oil  and 
tallow. 

(405.)  Advantages  of  outside  bearings.  —  It  was  con- 
sidered that  this  mode  of  suspension  was  more  effectual  in 
keeping  the  wheels  square  to  the  carriage,  and  in  preventing 
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them  from  slipping  from  the  rails,  than  would  be  the  method 
ordinarily  used  in  carriages  upon  common  roads. 

The  outside  bearing,  also,  had  the  advantage  of  giving  to 
the  carriage  a  greater  width  and  capacity. 

(406.)  Rapid  construction  of  railways  after  the  Liverpool 
and  Manchester  line.  —  Within  the  three  years  which  suc- 
ceeded the  opening  of  the  Liverpool  and  I\Ianchester  rail- 
way, lines  of  railway  were  projected  and  in  progress  of  con- 
struction, intersecting  a  great  part  of  the  north  of  England, 
as  well  as  of  the  counties  between  London  and  the  principal 
ports,  from  the  Isle  of  Wight  to  the  mouth  of  the  Thames. 

(407.)  Project  of  the  Great  Western  Railway.  —  Nothing, 
however,  was  yet  done  for  the  more  exclusively  agricultural 
districts  of  Berkshire,  Wiltshire,  Somersetshire,  Devonshire, 
and  Cornwall.  In  1833,  however,  a  project  was  announced 
for  a  great  trunk  line,  extending  from  London  to  Bristol,  an 
entei'prise  which  was  received  and  patronised  with  extra- 
ordinary ardour  by  the  commerce  of  the  latter  place.  Ac- 
cording to  the  original  plan,  this  line  was  to  have  had  its 
London  station  beside  that  of  the  London  and  Birmingham 
line,  with  which  it  was  to  be  connected  at  London^  and 
consequently  to  be  constructed  on  the  same  gauge  as  had 
been  uniformly  adopted  throughout  the  country.  Through 
the  opposition,  however,  of  the  authorities  of  Eton  and 
Oxford,  and  a  great  portion  of  the  landed  proprietors  along 
the  proposed  line,  the  bill  was  thrown  out. 

(408.)  Mr.  Brunei  proposes  an  exceptional  gauge.  —  The 
next  session  it  was  reproduced  in  parliament,  but  in  the 
meanwhile  Mr.  I.  K.  Brunei,  the  son  of  the  engineer  of  the 
same  name,  who  had  obtained  celebrity  by  the  construction 
of  the  Thames  Tunnel,  the  block  machinery  at  Portsmouth, 
and  other  great  engineering  works,  to  whom  the  engineering 
department  of  the  proposed  railway  had  been  confided, 
suggested  to  the  directors  the  project  of  constructing  the 
line  with  a  gauge  of  eighty-four  inches.  Such  a  project 
naturally  startled  the  directors,  who  resolved,  before  con- 
senting to  it,  to  submit  it  to  the  more  matured  railway  ex- 
perience and  superior  judgment  of  Mr.  Robert  Stephenson, 
the  engineer  of  the  London  and  Birmingham  line. 

(409.)  Mr.  R.  Stephenson,  being  consulted,  opposes  it.  — 
Mr.  Stephenson  reported  unfavourably  to  the  project,  and  a 
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^Ism  arose  between  the  two  directions  of  the  London  and 
irmingham  and  the  Great  Western  lines.  Mr.  Brunei, 
notwithstanding  his  acknowledged  inexperience  in  railways, 
never  having  been,  directly  or  indirectly,  employed  on  any 
work  of  that  description,  succeeded  in  gaining  the  confidence 
of  the  Great  Western  directors,  and  induced  them  to  sanction 
the  project  of  an  eighty-four-inch  gauge.  The  idea  of  having 
a  common  London  station  was  consequently  abandoned ;  and 
the  Great  Western  Company,  with  the  advice  of  their  engineer, 
selected  the  present  Paddington  station. 

(410.)  Mr.BruneFs  project  adopted. —  His  advocacy  of 
it,  —  Mr.  Brunei  supported  and  defended  his  project  of  this 
wide  gauge  in  several  reports  addressed  to  the  directors. 
He  maintained  in  these,  that  the  country  would  ultimately 
be  resolved  into  separate  and  independent  railway  districts, 
over  each  of  which  a  great  company  would  preside,  formed, 
probably,  by  the  agglomeration  of  the  companies  directing 
the  smaller  lines  ;  but  that  between  district  and  district  there 
would  probably  be  little  or  no  railway  communication. 

He  admitted  that,  in  a  continuous  line  of  traffic,  a  depar- 
ture from  the   established   gauge  would   be  an  undoubted 
inconvenience ;  that  in  the  case  of  the  Great  Western  rail- 
way it  would  amount  to  a  prohibition  of  communicating  with 
any  railway  running  north  from  London ;  but  that  the  Great 
Western  railway,  breaking  ground  in  an  entirely  new  dis- 
trict, in  which  railways  were  before  unknown,  could  have  no 
^connexion  with  any  other  of  the  main  lines,  and  that  the 
principal  branches  were  all  well  considered  and  formed  a 
part  of  the  original  plan,  and  that  they  could  not  be  de- 
pendent on  any  other  existing  line  for  the  traffic  they  would 
bring   to   the  main  trunk.     He  held,  therefore,   that   the 
Great  Western  Company  might  adopt   such  form  of  con- 
struction   as  might  be  suitable  to  their  particular  district, 
and  the  traffic  expected  in  it,  which,  according  to  him,  would 
be  a  large  passenger  traffic,  with  but  little  mineral  or  mer- 
chandise.    He  maintained  that  it  was  therefore  expedient  to 
prepare  for  a  speed  much  greater  than  had  theretofore  been 
attained  or  contemplated,  and  that  therefore  the  line  should 
be  mode  as  nearly  level,  and  as  straight  as  possible.     He  pro- 
posed to  ensure  extreme  speed  by  using  large  driving  wheels 
on  the  engines,  and  to  provide  for  increased  safety  by  placing 
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the  bodies  of  the  carriages  between  the  wheels  instead  of 
giving  them  outside  bearings.  He  maintained  even  that  the 
exclusion  from  communication  from  other  railways  by  differ- 
ence of  gauge,  would  be  advantageous,  inasmuch  as  it  would 
be  the  means  of  securing  a  monopoly  of  railway  communi- 
cation for  the  West  of  England  and  South  Wales  in  the 
hands  of  the  Great  Western  Company. 

(411.)  Great  Western  line  constructed. — In  fine,  the 
sanction  of  parliament  being  ol)tained  for  the  project,  and 
the  assent  of  the  company  to  the  extension  of  gauge  and 
other  novelties  suggested  by  the  engineer,  the  construction 
of  the  railway  commenced,  and  it  was  completed. 

(412.)  Great  Western  a  more  capacious  railway  than 
others.  —  From  what  has  been  already  observed,  it  will  be 
understood  that,  so  f\ir  as  relates  to  its  gauge,  the  Great 
"Western  railway  and  its  branches  is  neither  more  nor  less 
than  a  railway  on  a  larger  scale  than  the  other  lines  which 
prevail  throughout  England.  The  carriages,  waggons,  and 
engines  are  all  constructed  on  dimensions  proportionally 
stupendous.  The  turnplates,  sheds,  stations,  and  engine 
houses  all  partake  of  the  same  scale.  The  cuttings  and  em» 
bankments  are  of  proportional  width,  and,  of  course,  of  pro- 
portional cost ;  the  bridges  are  of  proportional  span,  the 
tunnels  of  proportional  calibre,  and  the  viaducts  of  pro- 
portional breadth.  In  a  word,  all  the  dimensions<#of  the 
railway,  and  of  all  the  machinery  connected  with  it,  are 
increased  in  a  manner  corresponding  with  the  increase  of 
gauge  ;  and  the  railway,  after  all  is  said  that  can  be  said 
about  it,  is  merely  a  railway  of  greater  magnitude  and 
capacity  than  the  other  railways  which  prevail  throughout 
England. 

(413.)  The  expediency  of  the  project  depends  on  the  relative 
amount  of  traffic The  question  whether  it  has  been  ex- 
pedient to  adopt  this  stupendous  gauge  I'csolves  itself  into 
the  other  question,  whether  the  commerce  presented  by  the 
tract  of  country  through  which  it  is  carried  be  such  as  to 
demand  the  great  power  of  transport  thus  afforded  to  it. 

If  it  could  be  proved  that  the  prevailing  gauge  is  in- 
sufficient for  the  traffic  of  the  rest  of  the  kingdom,  then  it 
would  not  be  necessary  to  show  that  the  traffic  of  the  district 
served  by  the  Great  Western  is  such  as  to  demand  its  more 
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capacious  railway ;  but  a  superabundance  of  evidence  has 
been  adduced  to  establish  the  sufficiency  of  the  prevailing 
gauge  for  the  traffic  of  the  other  parts  of  the  country. 

It  must  then  be  admitted  either  that  a  superfluous  power 
of  transport  has  been  provided  and  a  superfluous  expenditure 
of  capital  incurred  in  the  district  served  by  the  Great  Wes- 
tern ;  or  that  this  district  has  a  vastly  greater  commerce, 
requiring  such  increased  power  of  transport,  than  the  northern 
counties. 

(414.)  Peculiar  construction  of  the  Great  Western  rail- 
way,  —  As  the  Great  Western  railway  was  projected  and 
brought  into  operation,  it  presented  other  novelties  of  con- 
struction besides  its  great  scale  of  magnitude.  The  structure 
of  the  way  was,  in  many  respects,  different  from  the  other 
railways  of  the  kingdom.  It  will  be  recollected,  from  what 
has  been  already  explained,  that  the  rails  elsewhere  were 
supported,  at  regular  intervals,  by  props  called  chairs,  which 
were  firmly  attached  either  to  beams  of  timber,  called  sleepers, 
which  extended  across  the  line,  and  served  as  a  tie  to  keep 
the  rails  in  gauge,  as  well  as  to  support  them,  or  upon  square 
blocks  of  stone. 

Tlie  distance  between  chair  and  chair  varied  according 
to  the  strength  of  the  rail  and  the  weight  of  the  loads  which 
were  to  pass  over  it. 

This  system  was  altogether  abandoned  in  the  Great 
Western  railway. 

The  rails  were  considered  as  necessary  to  guide  the  wheels 
rather  than  support  them.  They  were  so  formed  as  to  admit 
of  being  attached  by  screws  to  the  surface  of  strong  beams  of 
timber,  which  were  extended  longitudinally  under  them,  and 
with  these  formed  the  more  immediate  substratum  of  the 
rails. 

These  longitudinal  timbers  were  held  together,  at  regular 
intervals,  by  transverse  beams,  to  which  they  were  attached 
by  bolts,  and  which  served  also  to  keep  the  rails  in  gauge  in 
the  same  manner  as  the  transverse  sleepers  did  in  the  common 
system. 

(415.)  Method  of  piling  down  the  rails.  —  The  structure 
of  carpentry  thus  formed  was  not  merely  laid  upon  the  road, 
but  was  held  in  its  position  by  a  novel  contrivance.  Piles 
of  great  length  and  magnitude  were  previously  driven  into 
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the  road  by  a  proper  engine,  at  regulated  intervals,  and  tli< 
transverse  timbers  just  mentioned,  being  laid  over  tlies( 
piles,  were  bolted  to  them  at  the  centre.  The  road  structun 
was  thus  as  it  were  bound  down  to  the  road  by  the  piles 
gravel  or  other  earth,  called  packing,  was  driven  under  th< 
longitudinal  beams  supporting  the  rails,  so  as  to  prevent  th{ 
transverse  timbers  from  being  broken  or  bent  at  the  centr< 
by  the  weight  of  the  loads  passing  over  them. 

(416.)  Tested  by  experiments  — fails  and  is  abandoned.  — 
When  the  line  thus  constructed  had  been  for  some  time  ii 
operation,  it  was  found  that  this  packing  beneath  the  timben 
i-equired  constant  renewal,  and  labourers  were  kept  in 
cessantly  employed  for  this  purpose.  Experience  soon  provec 
the  inefficacy  of  this  system ;  the  piles,  instead  of  affording 
a  support  to  the  road,  prevented  it  from  settling  into  iti 
natural  bed.  Experiments  were  made  on  the  road,  undei 
the  superintendence  of  Mr.  Nicholas  Wood  and  myself,  witl 
a  view  to  test  the  utility  of  such  piles  ;  the  result  of  whicl 
proved  that  they  impeded  the  consolidation  of  the  road,  and 
after  some  delay,  they  were  finally  abandoned.  The  cross 
timbers  were  detached  from  them,  and  the  railway  Avai 
permitted  to  be  consolidated  upon  the  foundation  of  th( 
road  in  the  usual  way,  by  the  action  of  the  loads  passing 
over  it. 

(417.)  Engines  with  ten-feet  driving  wheels  tried  am 
abandoned.  —  One  of  the  advantages  proposed  to  be  attainec 
by  the  extraordinary  width  of  gauge  was,  the  power  to  us( 
engines  with  driving  wheels  of  moi'e  than  ordinary  diameter 
It  w%as  considered,  at  that  period,  that  one  of  the  great  source; 
of  difficulty  in  the  construction  of  locomotives  engines  was 
the  extreme  rapidity  of  the  motion  of  the  pistons  and  othei 
reciprocating  parts,  which  was  necessary  to  produce  tlu 
desired  speed. 

It  will  be  remembered  that  for  each  revolution  of  th( 
driving  wheels,  the  pistons  must  move  backwards  and  for. 
wards  once  in  each  cylinder.  It  was  therefore  expected: 
that  by  using  driving  wheels  of  great  magnitude,  and  thereb) 
producing  a  given  progressive  speed,  with  a  slower  recipro- 
cation of  the  pistons,  the  engines  would  work  to  greater 
advantage.  Engines  w^ere  accordingly  constructed  on  the 
Great  AYestern  line,  with  driving  wheels  having  a  diameter 
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of  ten  feet.  Each  revolution  of  these  would  carry  forward 
the  train,  therefore,  nearly  thirty-two  feet  of  road,  and  con- 
sequently a  given  speed  would  be  attained  by  one  half  the 
number  of  strokes  which  would  have  been  necessary  with 
five-feet  wheels,  which  were  then  the  common  diameter. 
Subsequent  experience,  however,  proved  not  only  that  the 
rapid  reciprocation  of  the  pistons  was  not  attended  with  such 
injurious  effects  as  were  supposed,  but  that  the  ten-feet  wheels 
were  utterly  unmanageable.  The  inertia  of  these  pro- 
digious revolving  masses  was  such,  that  a  great  interval  was 
necessary  to  get  them  into  motion,  and  an  equally  great  in- 
terval necessary  to  stop  them. 

This,  independently  of  other  difficulties,  soon  caused  them 
Lu  be  laid  aside,  and  the  diameters  of  the  driving  wheels 
were  subsequently  limited  to  about  seven  feet. 

(418.)  Gauge  question.  —  Although  the  legislature  and 
the  public,  compelled  to  choose  between  the  evils  created  by 
the  construction  of  lines  of  railway  in  a  certain  small  tract 
of  the  country  with  an  exceptional  gauge,  have,  as  the 
lesser  evil,  acquiesced  in  the  continuance  of  the  anomaly 
presented  by  the  Great  Western  railway  and  its  tributaries 
and  dependencies,  we  cannot  totally  omit  all  notice  of  a 
dispute  so  memorable  as  the  "  battle  of  the  gauges." 

(419.)  Practical  inconvenience  of  break  of  gauge. — As  the 
extensive  system  of  railways  which  had  been  projected,  and 
=f.nctioned  by  parliament,  came  gradually  into  operation,  it 

as  evident  that  their  ramifications  must  speedily  come  into 
contact,  on  the  one  side  or  on  the  other,  with  the  system  of 
the  Great  Western,  the  trunk  which  intersected  the  tract  of 
country  running  westward  from  London  towards  Devonshire 
and  CornwalL  In  fine,  this  contact  at  length  took  place  at 
more  than  one  point,  and  the  public  began  to  feel  and  loudly 
complain  of  the  nuisance  of  the  break  of  gauge.  At  all  the 
points  where  the  branches  of  the  wide  gauge  system  termi- 
nated, and  those  of  the  narrow  gauge  commenced,  the  stream 
of  traffic  was  found  to  be  interrupted.  A  chasm,  as  it  were, 
intervened  and  must  be  crossed.  So  far  as  related  to  the 
passengers,  the  inconvenience  was  limited  to  the  transfer  of 
persons  with  their  luggage  from  one  train  of  coaches  to 
another.    At  the  principal  stations,  the  inconvenience  of  this 
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would  be  mitigated  by  the  provision  of  convenient  covered 
ways  to  protect  them  from  the  weather.  This,  however, 
would  not  be  the  case  with  the  secondary  stations,  where  the 
traveller,  in  passing  from  one  line  to  the  other,  would  have 
to  encounter  all  the  vicissitudes  of  weather,  at  all  hours,  night 
and  day,  at  which  the  arrivals  and  departures  would  occur. 

But  great  as  the  inconvenience  is  of  this  interruption  to 
passengers,  it  is  evidently  more  serious  for  goods.  A  train 
of  merchandize  arriving,  had  to  be  unloaded  and  unpacked 
on  one  side,  and  reloaded  and  repacked  on  the  other.  The 
goods  were  thus  liable  to  be  damaged  or  lost,  and  their 
transport  considerably  delayed.  Troops  of  porters  were 
kept  night  and  day  relieving  each  other  by  relays  always 
ready  for  this  work,  and  all  these  must  necessarily  be  main- 
tained along  the  entire  boundary  line,  extending  a  distance 
of  some  two  or  three  hundred  miles,  which  separates  the 
wide  from  the  narrow  gauge  system.  These  enormous  evils 
were  not  long  in  arousing  the  complaints  and  remonstrances 
of  the  commercial  interests,  and  petitions  were  sent  to  par- 
liament in  favour  of  a  law  compelling  an  uniformity  of 
railway  gauge. 

(420.)  Parliamentary  committee  appoiiited  to  investigate 
the  grievance. — A  commission  was  appointed  accordingly,  to  \ 
investigate  the  question,  consisting  of  Sir  Frederick  Smith,  ' 
who  had  been  formerly  Inspector  General  of  railways,  Pro-  ; 
fessor  Barlow  of  Woolwich,  and  Mr.  Airy,  Astronomer  Royal. 

This  commission  called  before  it  witnesses  selected  from 
all  classes  of  persons  having  practical  information  with  the  ! 
construction,  the  working,  and  the  use  of  railways,  such  as  | 
engineers,  engine  builders,  directors  of  collieries,  chairmen  •' 
and  directors  of  companies,  contractors,  and  public  carriers.    ; 

The  evidence  of  about  fifty  witnesses  of  this  description  . 
was  collected,  and  published  in  a  ponderous  volume.  j 

Experiments  on  a  great  scale  were  made,  both  on  the  wide  I 
and  on  the  narrow  gauge,  with  a  view  to  test  the  capacity  ; 
of  the  respective   engines   for  power   and  speed,  and  the 
qualities  of  the  lines  themselves.     Returns  of  accidents  aris- 
ing from  defects  either  in  the  mechanism  or  in  the  rails,  of ! 
the  traffic  on  the  several  lines,  of  their  cost  of  construction,  ; 
maintenance,  and  operation,  and,  in  general,  all  the  statistical 
results  which  could  have  any  bearing  on  the  relative  cfFi- 
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eiency  of  the  two  systems,  were  diligently  collected  and 
published. 

(421.)  Report  of  the  committee.  —  In  fine,  the  commis- 
sioners reported  in  substance,  that  both  gauges  supplied  all 
the  requisite  accommodation,  convenience,  and  expedition 
that  the  public  could  desire,  both  as  to  transport  of  passen- 
gers and  goods. 

That  in  cases  of  speed  so  extreme  as  to  be  objectionable 
on  the  score  of  safety,  there  might  be  some  advantage  on  the 
side  of  the  wide  gauge,  but  that  for  the  transport  of  goods, 
the  narrow  gauge  was  more  convenient,  and  better  adapted, 
to  the  purposes  of  general  traffic ;  that  the  broad  gauge, 
without  affording  any  economy  either  in  the  maintenance 
of  the  way,  or  the  cost  of  working,  involved  a  large  addi- 
tional outlay  in  its  construction ;  and,  in  fine,  the  commis- 
sioners considered  the  narrow  gauge  to  be  that  which  for 
general  convenience  should  be  preferred  if  uniformity  were 
attempted,  more  especially  as,  at  the  time  of  publishing  the 
report,  there  were  only  274  miles  of  the  wide  gauge  con- 
structed, while  there  were  1,901  miles  of  the  narrow  gauge. 
The  commissioners  therefore  recommended  a  law  to  be 
passed,  compelling  all  future  railways,  except  those  for 
which  the  Great  "Western  Company  had  already  obtained 
acts,  to  be  constructed  with  the  prevailing  gauge  of  fifty- 
six  inches  and  a  half.  The  commissioners  further  recom- 
mended that  some  equitable  means  should  be  sought  for  pro- 
ducing a  general  uniformity  of  gauge  through  the  country,  by 
laying  down  upon  the  wide  gauge  line,  narrow  gauge  rails. 

(422.)  Bill  passed  omitting  compulsory  clause.  —  A  bill 
was  accordingly  passed  in  August,  1846,  in  this  sense,  par- 
liament, however,  declining  to  introduce  a  clause  into  it 
compelling  the  uniformity  of  gauge. 

(423.)  Expedients  for  removing  the  evil  suggested  to  the 
committee.  —  In  the  course  of  the  inquiry  instituted  by  the 
commissioners,  an  infinite  number  of  expedients  were  sug- 
gested for  facilitating  the  transfer  of  goods  from  one  line  to 
the  other,  at  the  point  where  break  of  gauge  occurred,  such, 
for  example,  as  that  of  loading  the  goods  in  loose  boxes 
placed  upon  the  railway  trucks,  and  transferring  these  boxes 
bodily  from  the  trunks  on  one  line  to  the  trucks  on  the 
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otlier.     None  of  these  expedients,  however,  bore  the  test  of 
examination,  being  all  found  subject  to  objections  and  diffi-  , 
culties  even  more  serious  than  those  attending  the  entire  un-  j 
loading  and  reloading  by  a  sufficient  force  of  porters.  ! 

(424.)  Means  of  producing  uniformity  suggested.  —  The  i 
magnitude  of  the  nuisance  attending  this  difference  of  gauge 
being  thus  admitted  on  the  one  hand,  and  the  utter  im- 
practicability of  all  expedients  suggested  for  its  abatement 
on  the  other,  the  only  remedy  remaining  would  be  its  re- 
moval, by  producing  a  general  uniformity  of  gauge.  Several 
expedients  were  accordingly  suggested  for  this  purpose. 

To  appreciate  these,  it  will  be  necessary,  first,  to  state  the 
respective  lengths  of  railway  with  each  gauge  which  were 
in  actual  operation. 

There  were  in  round  numbers  about  4,300  miles  in  ope- 
ration constructed  with  the  gauge  of  fifty-six  inches  and  a 
half,  and  306  miles  constructed  with  the  gauge  of  eighty- 
four  inches  in  Great  Britain.  The  former  includes  some  few 
railways  in  England  and  Scotland,  which,  when  first  con- 
structed, were  laid  down  with  a  wider  gauge ;  but  the  in- 
conveniences encountered  in  consequence  of  a  break  of  gauge 
were  so  great,  that  the  proprietors  resolved,  though  at  a 
considerable  cost,  to  change  the  gauge  to  the  ordinary  one 
of  fifty-six  inches  and  a  half. 

In  Ireland  the  railways,  with  the  exception  of  a  short  and 
isolated  one  between  Dublin  and  Kingston,  are  laid  down 
with  a  uniform  gauge  of  sixty-three  inches. 

The  expedients  proposed  for  producing  uniformity  may  be 
classed  under  three  heads. 

First,  To  lay  down  rails  with  the  fifty-six  inches  and  a 
half  gauge  on  the  306  miles  of  wide  gauge  lines. 

Secondly.  To  lay  down  rails  with  the  gauge  of  eighty- 
four  inches  on  the  4,300  miles  of  narrow  gauge  lines. 

Thirdly.  To  adopt  an  intermediate  gauge,  say  of  sixty-six 
or  seventy-two  inches,  and  relay  all  the  railways  with  such 
gauge. 

If  the  first  expedient  were  adopted,  the  present  wide  gauge 
rails  might  either  remain  or  be  removed.  If  they  remained, 
the  narrow  gauge  rails  would  be  placed  between  them,  and 
the  engines,  coaches,  waggons,  and  trucks  of  the  narrow 
gauge  lines  would  run  over  the  wide  gauge  lines,  without 
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excluding  from  them  the  larger  engines,  carriages,  and  wag- 
gons adapted  to  the  wide  gauge  rails. 

The  chief  objection  brought  against  this  system  was,  the 
confusion  and  danger  which  would  arise  from  the  multi- 
plication and  complexity  of  the  points  and  switches,  as  they 
are  called,  by  which  the  trains  are  enabled  to  pass  from  one 
line  to  another,  or  to  pass  into  sidings  at  the  intermediate 
stations. 

As  there  would  be  in  this  case  four  lines  of  rails  on  the 
present  wide  gauge  railway  instead  of  two,  the  number  of 
these  switches,  and  their  complexity,  would  be  increased  in  a 
great  proportion.  This  objection  is  rendered  more  grave  by 
the  consideration  that  a  large  proportion  of  the  accidents 
which  have  occurred  have  arisen  from  neglect  or  mismanage- 
ment of  this  mechanism  for  enabling  trains  to  pass  from  one 
line  to  another,  or  into  sidings. 

The  second  expedient,  that  of  laying  down  rails  of  eighty- 
four  inches  gauge  upon  the  4,300  miles  of  narrow  gauge 
railway  now  in  operation  would  be  totally  inadmissible,  inas- 
much as  it  would  require  not  only  the  enlargement  of  the 
width  of  the  cuttings  and  embankments  throughout  the  vast 
extent  of  lines  ;  but  would  also  render  necessary  the  enlarge- 
ment of  the  span  of  the  bridges,  the  width  of  the  viaducts, 
and  the  calibre  of  the  tunnels,  and  the  consequent  recon- 
struction of  all  these  great  works,  which  would  of  course  be 
wholly  out  of  the  question. 

The  third  expedient,  proposed  by  Mr.  William  Cubitt, 
might,  as  he  considered,  be  carried  into  effect  without  the 
alteration  of  all  these  great  works.  Mr.  Cubitt  proposed  to 
widen  the  gauge  of  aU  the  narrow  gauge  lines,  and  contract 
the  gauge  of  the  wide  gauge  lines,  so  that  a  uniform  inter- 
mediate gauge  might  be  obtained ;  and  this  might  be  accom- 
plished without  interrupting  the  traffic  on  the  lines,  and  at 
an  expence  which  would  not  be  unattainable.  He  said  that 
the  cuttings,  embankments,  bridges,  tunnels,  and  viaducts  had 
already  sufficient  width  to  admit  of  a  certain  enlargement  of 
gauge  ;  as  a  practical  proof  of  which  he  stated,  that  some  of 
the  carriages  which  now  pass  upon  the  narrow  gauge  lines, 
and  of  course  go  through  the  tunnels,  and  vmder  the  bridges, 
are  wide  enough  to  allow  of  the  wheels  which  bear  them 
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being  separated  to  a  greater  distance  from  each  other,  with- 
out being  outside  the  limits  of  the  carriages.  Thus  he  con- 
tended, that  if  the  wheels,  instead  of  being  fifty-six  and  a 
half  inches  asunder,  were  seventy-two  inches  apart,  they 
would  still  be  within  the  carriages,  and  that  consequently, 
when  so  constructed,  they  could  run  through  the  tunnels 
and  bridges  as  they  now  do,  as  well  as  through  the  cuttings 
and  over  the  embankments. 

The  only  diiference  in  the  conditions  of  the  line  would  be, 
that  the  outer  rails  of  such  line  would  be  brought  nearer  to 
the  side  rails,  and  the  inner  rails  nearer  to  each  other.  On 
the  other  hand,  the  outer  rails  of  the  wide  gauge  lines  would 
be  brought  in  further  from  the  side  rails,  and  the  inner 
rails  further  from  each  other. 

The  uniform  intermediate  gauge  proposed  by  Mr.  Cubitt 
was  seventy-two  inches. 

But  it  would  be  also  necessary,  after  changing  the  gauge, 
to  change  in  a  corresponding  manner  the  distance  between 
the  wheels  of  the  engines,  carriages,  waggons,  and  trucks. 


CHAPTER  VII. 

KAILWAY   CURVES. 


i 


(425.)  Railway  carriages  commonly  move  in  a  straight 
direction — A  railway  carriage,  or  engine,  as  commonly  con- 
structed, cannot  move  otherwise  than  in  a  straight  line.  If 
a  common  four-wheeled  coach  used  on  an  ordinary  stone  road 
had  no  perch  to  the  fore-wheels,  and  if  the  latter  were,  like 
the  hind  wheels,  fixed  square  to  the  carriage,  such  a  carriage, 
it  is  evident,  could  not  be  turned  so  as  to  change  the  direction 
of  its  motion,  without  scraping  the  wheels  on  the  road  and 
straining  them.  From  its  very  construction,  it  could  only 
move  in  a  straight  line,  unless  violence  were  opposed  to  it. 

Such  is  the  construction  of  all  the  carriages  and  engines 
commonly  used  on  railways  in  Europe  ;  but  they  are  so  much 
the  more  difiicult  to  be  turned  from  a  straight  direction,  as 
the  one  pair  of  wheels  is  more  distant  from  the  other  under 
the   same  carriage,   than   in   carriages   built    for   common 
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roads.  Not  unfrequently,  also,  these  carriages  are  supported 
•n  six  wheels,  the  engine  being  now  almost  invariably  so 
onstructed. 

(426.)  Direction  of  motion  changed  by  curves.  —  Since, 
however,  no  railway  can  hold  a  continuous  rectilinear  course, 
expedients  must  be  provided  for  changing  the  direction  of 
a  railway  carriage. 

This  is  accomplished  by  curves. 

The  rails,  instead  of  turning  at  an  angle,  as  one  road  does 
from  another,  is  so  formed  as  to  change  its  direction  very 
gradually,  by  laying  the  rails  according  to  the  arc  of  a  circle, 
having  a  greater  or  less  radius.  The  engines  and  carriages 
having  a  constant  tendency  to  move  forwards  in  the  straight 
line  which  forms  a  tangent  to  this  curve,  this  tendency  is  re- 
sisted by  the  flanges  of  those  wheels  which  are  on  the  convex 
side  of  the  curve.  These  flanges  pressing  against  the  rails, 
the  reaction  upon  them  continually  presses  the  carriages 
round,  so  as  to  keep  them  upon  the  rails,  and  compel  them  to 
follow  the  flexure  of  the  curve. 

(427.)  Form  of  the  flanges,  and  their  action  on  the  rails. 
—  If  the  tires  of  the  wheels  were  cylindrical,  having  the 
flanges  at  right  angles  to  them,  the  flanges  would  in  that 
case  continually  rub  against  the  rails,  and  produce  a  con- 
siderable resistance.  To  prevent  this,  the  tires  of  the  wheels 
are  formed  slightly  conical,  and  their  junction  with  the  flanges 
is  formed  into  a  curve.  The  effect  of  this  arrangement  is, 
that  the  flanges  act  upon  the  rails  without  friction. 

As  the  wheel  presses  upon  the  outer  rail  of  the  curve, 
there  is  a  tendency  of  the  tire  to  mount  upon  the  rail,  so  that 
that  portion  of  the  wheel  which  actually  rolls  upon  the  rail 
has  a  little  greater  diameter.  The  opposite  effect  is  produced 
upon  the  inner  rail  of  the  curve.  The  flange  of  the  inner 
wheel  recedes  from  the  rail,  and  consequently  the  diameter 
of  that  part  of  the  tire  which  rests  upon  the  rail  is 
diminished. 

When  a  railway  carriage,  therefore,  passes  over  a  curve, 
the  outer  wheels  become  virtually  greater  than  the  inner,  and 
in  one  revolution  pass  over  a  greater  space  of  the  rail. 

As  from  the  structure  of  railway  carriages  the  wheels  are 
keyed  upon  the  axles  with  which  they  turn,  both  wheels 
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must  revolve  simultaneously ;  and  as  those  which  rest  on  the 
outer  rail  must,  from  the  nature  of  the  curve,  pass  over  a 
greater  space  than  those  which  rest  on  the  inner  rail,  the 
wheels  adapt  themselves  to  this  by  the  circumstance  just 
explained.  Otherwise  it  is  evident  that  one  wheel  or  the 
other,  in  passing  round  a  curve,  must  necessarily  rub  upon 
the  rail  more  or  less.  If  the  inner  wheel  were  to  roll  with- 
out rubbing,  the  outer  wheel,  being  of  the  same  magnitude, 
and  going  over  a  greater  space  in  each  revolution,  must  make 
up  the  difference  by  rubbing  on  the  rail ;  and  if  the  outer 
wheel  roll  without  rubbing,  then  the  inner  wheel,  being  equal, 
and  revolving  in  the  same  time,  but  passing  over  a  less  space, 
must  slide  as  it  were  backwards  on  the  rail  through  the 
difference.  But,  from  the  circumstance  already  explained, 
the  carriage  has  a  tendency  so  to  mount  on  the  outer  rail, 
that  the  difference  between  the  virtual  diameter  of  the  outer 
and  inner  wheels,  produced  by  the  conical  form  of  the  tires, 
will  be  such  as  to  make  the  difference  of  their  circumference^} 
equal,  or  nearly  so,  to  the  difference  between  the  lengths  of 
the  outer  and  inner  rail  of  the  curve  over  which  they 
simultaneously  pass. 

In  this  manner  the  friction  between  the  flange  and  the  rail 
which  would  take  place  if  the  tire  of  the  wheel  were  cylin- 
drical, and  the  flange  at  right  angles  to  it,  is  avoided,  as  is 
evident  by  observing  the  state  of  the  flange  of  the  wheels, 
which  ai*e  never  found  to  be  polished  by  friction  with  the 
rails. 

(428.)  Experiments  shoiving  that  the  effect  of  curves  is 
much  less  than  was  apprehended.  —  When  the  system  of 
railways  which  now  overspreads  Great  Britain  was  projected, 
great  apprehensions  were  entertained,  not  only  of  the  resist- 
ance which  might  be  produced  from  curves,  but  of  the  danger 
of  passing  over  them  with  considerable  speed.  Standing 
orders  were  adopted  in  parliament,  which  required  that  all 
curves  having  a  less  radius  than  a  mile,  should  be  the  sub- 
ject of  special  investigation. 

In  the  course  of  experiments  which  I  made  in  1838,  already 
adverted  to,  I  had  occasion  incidentally  to  observe  the  effects 
of  curves  upon  the  resistance,  and  I  found  these  effects  to  be 
infinitely  less  than  had  been  previously  suggested.  Curves 
having  a  radius  of  three  quarters,  or  even  half  a  mile,  did 


RAILWAY  CURVES.  417 

t  produce  the  slightest  augmentation  of  resistance  at  any 

ed  which  the  trains  attained  ;  and  from  observations  and 

vperience   which   I    have   since    obtained,    especially   on 

American  railways,  where  curves  of  short  radius  are  very 

common,  I  have  no  doubt  that  the  effects  ascribed  to  them, 

:h  as  to  resistance  and  danger,  have  been  greatly  ex- 
aggerated. 

(429.)  Method  of  laying  the  rails  on  curves. —  It  is  usual, 
in  the  construction  of  curves  upon  railways,  to  lay  down  the 
outer  rail  at  a  greater  elevation  than  the  inner,  the  difference 
of  elevation  being  regulated  according  to  the  radius  of  the 
curve.  The  effect  of  this  is  to  make  the  carriage  lean  slightly 
inwards,  so  that  its  weight  has  a  tendency  to'resist  the  cen- 
trifugal force  attending  the  curvilinear  motion.  An  animal 
spontaneously  assumes  such  a  position  when  moving  in  a  circle  ; 
and  it  will  be  observed  that  the  body  in  such  motion  will  lean 
more  and  more  inwards,  according  to  the  velocity  ot  the  mo- 
tion, and  the  smallness  of  the  circle.  Every  one  is  familar 
with  this  effect  in  witnessing  the  performances  of  horseman- 
ship in  a  circus.  When  the  horse  walks  slowly  round  the 
ring,  his  body  and  that  of  the  rider  remain  nearly  erect. 
When  he  trots  round,  both  bodies  lean  towards  the  centre  of 
the  ring ;  and  when  he  is  made  to  go  at  a  high  speed,  he 
counteracts  the  increased  centrifugal  force  by  leaning  almost 
upon  his  side,  a  position  in  which  the  rider,  whether  standing 
or  sitting,  participates. 

I  do  not  know  that  engineers  have  hitherto  adopted  any 
principle  in  regulating  the  difference  of  elevation  of  the  two 
rails  forming  a  curve.  Strictly  speaking,  the  amount  of  this 
difference  might  be  calculated  when  the  radius  of  the  curve 
is  given,  and  the  velocity  of  the  train  moving  over  it.  If  too 
great  an  elevation  be  given  to  the  outer  rail,  the  carriage  will 
have  an  undue  pressure  on  the  inner  rail  j  and  if  too  little 
elevation  be  allowed,  it  will  have  an  undue  pressure  on  the 
outer  rail. 

As,  however,  the  carriage  cannot  always  be  moved  at  the 
same  velocity  over  the  same  curve,  an  exact  adaptation  cannot 
be  effected.  The  difference  of  elevation  might,  however,  be 
regulated  by  the  average  speed  of  the  trains. 

(430.)  Method  of  passing  sharp  curves  on  American  rail- 
ways.—  In  America  it  is  not  uncommon,  where  railways  are 
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carried  through  the  streets  of  a  town,  to  turn  corners  at  right 
angles  by  a  very  short  radius.  In  this  case  it  is  usual  so  to 
form  the  outer  rail  that  the  outer  wheels  shall  roll  upon  their 
flanges,  having  thus  their  virtual  diameters  considerably 
greater  than  those  of  the  inner  wheels,  and  thus  facilitating 
the  motion  round  the  curves. 

(431.)  Peculiar  construction  of  the  engines  and  coaches  on 
American  railways.  —  The  construction  of  the  coaches  and 
engines,  however,  on  the  United  States  railways*  facilitates 
in  another  w^ay  their  motion  upon  curves.  The  coaches,  which 
are  of  considerable  length,  are  supported  at  each  end  upon 
two-wheeled  trucks,  the  fore  and  hind  wheels  of  each  of  which 
are  very  close  together;  the  end  of  the  carriage  rests  on  a 
pivot  or  perch  in  the  centre  of  the  truck,  and  the  truck  has 
a  power  of  turning  under  the  carriage  in  exactly  the  same 
manner  as  the  fore-wheels  do  in  a  four-wheeled  cari-iage 
constructed  for  a  common  road.  Each  of  these  trucks  have 
their  wheels  so  close  together  that  they  can  move  with  great 
facility  even  in  a  curve  of  very  short  radius ;  and  as,  from  the 
length  of^  the  carriages,  the  two  trucks  supporting  the  same 
coach  are  at  a  considerable  distance  asunder,  they  run  in 
different  parts  of  the  curve,  assuming  different  directions,  so 
that  the  line  joining  their  centres  or  pivots  will  form  the 
chord  of  the  arch  of  the  curve  which  intervenes  between 
them.  In  turning  the  corner  of  a  street,  it  is  not  uncommon 
to  see  one  of  these  trucks  proceeding  down  one  street  before 
the  other  has  left  the  street  which  is  at  right  angles  with  it. 

I  am  not  aware  that  this  expedient  for  facilitating  the 
motion  on  curves  has  been  adopted  in  any  European  railways. 

The  same  expedient  is  adopted  in  the  construction  of  the 
locomotive  engine.  The  foremost  end  of  the  engine  under 
the  chimney  rests  upon  a  four-wheeled  truck  upon  a  pivot,  as 
already  described.  The  end  next  the  fire-box  is  separated  by 
the  driving  wheels.f 

*   See  "  Railway  Economy,"  chap.  xvi. 

t  For  curves  admitted  on  German  railways,  see  "  Railway  Economy, 
p.  472. 
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:iiTicie«,  3U.  331. ;  parliamentarr  limit 

326. 
-pump,  inrcDtion  of,  70. 
erican  paddle  wheel,  282. 
erican  railwayt.  417.;  peculiar constmc- 
:  >n  of  engine*  and  coaclief  on,  410. ; 
.ethod  of  pasting  sharp  curret  oo,  417. 
ericas  iteuDcr*,  30S. 
2le  of  repoae,  SB. 
'.hemina,  II. 
.  .e,  dooUe  eranked.  fonn  of,  355. 

-t-pipe,  360. 

ikensop'i  locomociTe,  373. 
ving  out,  ^3. 
wing  throogh,  .*>!.  83. 
ler,  180. ;  Watt'i  waggOD  boiler,  185.; 
dimensions  and  proportions  of,  190. ; 
waste  of  beat  produced  by  priming,  193. ; 
average  dimensions  of  in  relatioo  to 
eraporating  power,  194. ;  pocitioa  of 
water  ttaUee,  194.;  methods  of  indi- 
catiog  potitioo  of  water  suriace,  195. ; 
water  gauges,  196. ;  self-acting  feeders, 
197. ;  merrarial  steam  gauge,  30O. ;  noo- 
cODdoctiog  coating  on,  215.;  self-regit- 
lating  and  self-registering  apparatus  of 
LarAoer,  215. ;  real  and  nominal  power, 
231. ;  table  showing  relation  between 
dimensions  of,  and  power,  232. ;  marine, 
-46. ;  incooTenieooe  of  use  of  sea  water 
.:i,  250.;  remedies  for  such  inconre- 
liiences,  252. ;  indicator  to  show  salt- 
ness,  253.  ;  indication  by  thermometer 
or  pressure,  254.;  Seaward's  indicator, 
S5.;  copper,  262. ;  corrosion  of,  i63.  ; 
coating  with  non-conductors,  265.;  tubes 
through  in  locomotive,  358^ 

Bourne's  expedient  to  remedy  a  difficulty 
on  adoption  of  screw  propeller,  189. 

Branca,  Gioranni,  19. 

Break  of  gauge,  409. 

Bridgewater  canal,  345. 

Brunei  proposes  wide  gauge,  4G4. 

Brunton's  self-regulating  furnace,  2I3l 

Carriages  (railway),  width  of,  greater  than 
gauge,  403. ;  advantages  of  outside  bear- 
ings, 403. ;  form  of  flanges,  and  their  ac- 
tion on  rails.  415.  ;  peculiar  construction 
of  on  American  railways,  418. 

Caus  — Solomon  de,  14. 

Caus  —  Isaac  de,  18. 

Chairs,  344. 

Chapman's  locomotire,  373. 

Clearage,  230. 

Coal  —  quantity  of  to  evaporate  pint  of 
water,  3.;  exhaustion  of  mines  impro- 
bable. 5. ;  analysis  of,  181.  ;  table  of  per 
centage  composition  of,  182. 

Cock,  157. ;  single,  16a  ;  four-way,  169.  ; 
adaptation  of  to  expansion,  I7K ;  Mow 
off,  2.52. ;  gauge,  363. 

Coke,  359. 

Coking,  136. 

Collins  line  of  steamers,  306. 

Combustion,  182. 


Cooimercial  Road,  Whitecbapd,  342. 

Commercial  steam  marine,  312. 

Coodensatioo,  7. ;  by  jet,  discorerr  of, 
90. ;  separate,  discovered  by  Watt,' 68. ; 
modi6catioo  of  condensing  jet,  123.  ; 
Cartwright's  method  of,  175.;  not  instan- 
taneous, 203. 

Condenser.  70.:  Cartwright's,  175.;  ta- 
bular (Watt's).  259.;  tubular  (Hall's), 
270. ;  tubular  (Ericsson's),  261. 

Connecting-rod,  150. ;  action  of  varies 
with  position  of  crank.  354. 

Cornish  engines,  duty  of.  237. 

Crank,  132. ;  applied  by  Wasbrough,  IIS. ; 
operation  of,  132. ;'  inconvenience  of, 
133. ;  dead  po  nts,  133. 

Cubitt's  project  to  produce  uniformity  of 
gauge,  413. 

Cugnot's  locomotive,  371. 

Cunard  steamers,  301. ;  force,  302. ;  esti- 
mated capital,  304. 

Curves  (railway),  414. ;  effect  of  much 
less  than  apprebiended,  416. ;  method  of 
laying  rails  oo,  417. ;  method  of  passing 
sharp  on  American  railways,  417. 

Cuttings,  316. ;  side,  317. ;  relation  of  to 
embankments,  317. 

CvUnder,  construction  of,  92. ;  Hom- 
'blower's  double.  105. ;  Woolfs  double, 
1(17.;  Ericsson's  double,  108.;  table 
showing  relation  between  dimensions  of 
and  power,  232. ;  position  of  in  loco- 
motive, 254. 

Damper,  self-regulating.  211. 

Draft,  method  of  producing  in  locomotive, 

360. 
Drainage  of  roads,  320.  328. ;  surface.  328. 
Duty  of  engines,  217-  236.;   of  Cornish 

engines,  237. 

Eccentric,  155. 

Effect  —  gross  and  usefiil,  217. 

Embankmoit,  316. ;  relation  of  to  cuttings, 
317. 

Engine  —  See  Steam  Engine — Locomotire 
—  Marine  Engine. 

Engine  (atmospheric),  44.  47. ;  improve- 
ments of,  56. ;  Watt's  investigation  of 
imperfections  of,  62. ;  attempts  to  apply 
as  general  mover,  1 1 2. 

Engine  (high  pressure),  59. 

Engine  (rocking),  274. 

Ericsson's  double  cylinder,  108l  ;  tubular 
condenser,  261 . ;  propeller,  282.  284. 

Evaporation — Development  of  mechanical 
power  in,  220.  ;  to  determine  rate  of 
necessary  to  produce  given  power,  228. 

Expansion,  96.  223.  225.  267. ;  requires 
high  pressure,  104. ;  adaptation  of  slide 
valves  to,  162. 

Field's  brine  pump,  257. ;  paddle  wheel, 

2S0. 
Fire-box.  358. 
Fire-bridge,  187. 
Flange  —  its  form  and  action  on  raik,  415. 
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Fly-wheel,  135. 

Flues,  188. 

French  roads,  338. ;  cost  of  transport  on, 

338. 
Fuel,  181.  3')8. ;  Importance  of  economising 

in  marine  furnaces,  264. 
Furnace,   180.;  method  of  working,  185.; 

self-regulating,     213.  ;     marine,    246. ; 

management  of  marine,  265. 

Garay,  Blascu  de,  13. 

Gasket,  92.  173. 

Gauge,  water,  196.  363. ;  mercurial  steam, 
200.  ;  barometer,  201.  ;  cock,  363. 

Gauge  (railway),  399. ;  undulation  less  on 
wide,  395. ;  magnitude  and  capacity  of 
railway  depend  on,  399  ;  varied  according 
to  circumstances,  400. ;  regulated  by 
tractive  power,  400.;  of  first  lines  worked 
by  locomotives,  401.  ;  why  this  became 
general,  401.  ;  its  adoption  on  Liverpool 
and  Manchester  line,  401.  ;  on  other 
communicating  lines,  402. ;  its  general 
adoption,  402.  ;  limits  of,  produced  in- 
convenience, 402.  ;  surmounted,  403.  ; 
Brunei  proposes  wide  for  Great  West- 
ern, 404. ;  Stephenson  opposes  it,  404. ; 
Brunei's  project.idopted,  405.  ;  question, 
409. ;  practical  inconvenience  of  break 
of,  409. ;  parliamentary  committee  on 
question,  410.;  report  of,  411.;  expe- 
dients for  removing  evil  of  break  of,  411.; 
means  of  producing  uniformity  of,  412. 

Governor,  138.  ;  principle  of  explained, 
141. ;  connecting  with  slide,  164. 

Gradients,  380.  ;  question  of  in  parlia- 
mentary committee,  381. ,  arguments  of 
partisans  of  Great  Western  line,  381.  ; 
Lardner  advocates  South  Western  sys- 
tem, 382. ;  Lardner  demonstrates  com- 
pensating effect  of  certain  limited,  382. ; 
principle  of  compensating  established, 
383.  ;  power  of  engine  varies  with,  397. 

Graduation  of  railways,  380. 

Hall's  tubular  condenser,  260. 
Hero  of  Alexandria,  9. 
Hornblower's  double  cylinder,  106. 
Horse-power,  44. ;    origin  and  import  of 

term,  218.  ;  its  present  unit,  219. 
Hull  (Jonathan),  project  for  towing  ships, 

112. 
Humphry's  marine  engine,  277. 

Indicator,  Watt's,  204. 

Jet  (condensing),  discovery  of,  50. ;  modi- 
fication of,  123. 

Lardner,  his  self-regulating  and  self-regis- 
tering apparatus,  215.  ;  statement  of  facts 
as  to  his  alleged  assertion,  that  a  steam 
voyage  across  the  Atlantic  was  a  physical 
impossibility,  293. ;  in  1830  in  Dublin 
advocated  project  for  establishing  line  of 
steamers  between  west  coast  of  Ireland 
and  Boston,  295.;  in  1837  at  Bristol 
again  urged  its  advantages,  and  dis- 
couraged project  of  direct  line  between 
Bristol  and  New  York,  295.  ;  report  of 
his  speech  at  Bristol  from  Times,  295.  ; 
similar  report  from  Edinburgh  Review, 
296.;  similar  report  from  Monthly  Chro- 
nicle, 296.;  advocates,  in  1836-7,  Atlantic 


steam  voyage  on  condition  of  govern- 1 
ment  subsidy  of  considerable  amount,  ■ 
297. ;  truth  of  his  predictions  proved  by ' 
practical  results,  300.  ;  advocates  South  , 
Western  line  system  of  gradients,  382. ;  j 
demonstrates  compensating  effect  of  cer- 1 
tain  limited  gradients,  382. ;  instrument 
to  ascertain  level  of  rails,  394. 

Level,  394.  ;  Lardner's  instrument  to 
ascertain  of  rails,  394. 

Locomotive,  3-')2. ;  question  of  moving 
power  on  earlyrailways,347. ;  engineers' 
report  thereon,  348.  ;  incredulity  of  en- 
gineers as  to  capabilities  of,  348. ;  struc- 
ture and  operation  of,  3.52.  ;  manner  in 
which  engine  imparts  motion  to  driving 
wheel,  354.  ;  method  of  producing  uni 
form  action  by  two  cranks,  355  ;  position 
of  cylinders,  3.55. ;  volume  of  steam 
necessary  for  each  revolution  of  wheels, 
356.  ;  speed  of  depends  on  evaporation, 
356. ;  resistance  determines  pressure, 
356. ;  circumstances  which  limit  weight 
and  bulk  of.  3-57. ;  fire-box,  357. ;  tubes 
through  boiler,  358.  ;  evaporating  power 
of,  3.59.  ;  fuel,  'io9. ;  method  of  proaucing 
draft,  360. ;  blast-pipe,  360.  ;  smoke  box, 
361. ;  tender,  361.  ;  appendages  of,  361  ; 
general  description  and  delineation  of, 
361.;  operation  of  at  high  speed,  367.; 
retrospect  of  progress  of,  372. ;  Cugnot's, 
371.;  Trevithick  and  Vivian's,  371.; 
singular  error  respecting  adhesion  to 
rail,  372. ;  Trpvithick's  expedients  to 
supply  this,  372. ;  Blinkensop's,  373. ; 
Chapman's,  373.  ;  walking  engine,  373. ; 
sufliciency  of  adhesion  discovered,  375. ; 
first  used  in  collieries,  376.  ;  first  on 
Liverpool  and  Manchester  railway.  376. ; 
cylinders  inside  and  outside  wheels, 
377.  ;  produces  greatest  effect  at  certain 
speed,  378.  ;  power  of  varies  with  gra. 
dients,  397.  ;  evaporating  power  of  must 
be  augmented  with  ratio  of  square  of 
speed,  398.  ;  ten-feet  driving  wheels  tried 
on  Great  Western,  408.  ;  peculiar  con- 
struction of  on  American  railways,  418. 

Marine  engine,  241.  ;  propulsion  by  paddle 
wheels,  241.  ;  marine  boilers  and  fur. 
naces,  246. ;  inconvenience  of  use  of  sea 
water  in,  2-50.  ;  remedies,  252.  ;  indicator 
to  show  saltness,  2.53. ;  indication  by 
thermometer  or  pressure,  2.54. ;  Field's 
brine  pumps,  257. ;  tubular  condenser, 
269. ;  copper  boiler;  262.  ;  importance 
of  economising  fuel  in,  264.  ;  coating 
boiler,  265. ;  Maudslay  and  Field's, 
267. ;  Humphry's,  277. ;  engines  which 
act  by  connecting  rods  without  beams, 
.  276. ;  engines  which  act  on  a  single  crank 
without  beam  or  connecting  rod,  274.  ; 
rocking  engines,  274. 

Marine  (steam),  commercial,  312. 

Morgan's  paddle  wheel,  278. 

Morland,  Sir  Samuel,  26. 

Murray's  slide  valves,  159. 

Navigation  (steam),  241.  290.  ;  suggested 
by  Papin,  109. ;  Jonathan  Hull's  project 
of  towing  ships,  112.  ;  marine  engine, 
241. ;  inventors  of  uneducated,  290.  ;  first 
steamers  on  Hudson  and  Cl^de,  291 .;  sea- 
going steamers  due  to  British  engineers, 
292.;    progress  of    from  1812    to   1837, 
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antic  iteamen  projected.  293. ; 
'   possibility  of  voyage  could  not 
djiibted,  294. ;  projects  advanced  in 
-36.  '£)5. ;  discussion  at  Bristol  in  1837, 
-■•5.;  Lardaer's  opinion  on  expressed  in 
i-'-Vi-T.  295. ;  comparison  between  steam- 
ers and  sailing  Testels,  298.  ;   steameri 
employed  soon  after  1837  on  direct  line 
;  ,  New  York.  300. ;    Cunard  steamers, 
1.;  their  voyages  and  relative  amount 
:  their  subvention,  3U1 .  ;  compelled  to 
■  vcr  their  fares  on  return  passage,  302. ; 
rce  of  Cunard  fleet,  302. ;   estimate  of 
.pita!  in  such   enterprise.  304. ;    sub- 
ntioiis  allowed  to  other  lines  of  steam- 
rs,  304. ;    American  lines,  305.  ;    lines 
'tween  Southampton.  Havre,  and  New 
>  ork,  306. ;  Collins  line,  306. ;  probable 
extension  of  steam  ships  to  general  com- 
merce, 307. ;  sutMoueous  propellers  ne- 
cessary, 310.  ;  applied  to  vessels  of  war, 
311.;  mercantile  steam  navy  available  for 
national  defence,  312.  ;  number,  power, 
and  tonnage  of  commercial  steam  marine, 
312. 

Packing.  172. ;  WoolTs  method  of  tlgfaten- 

iiig,  174. 

i  idle  wheels,  241.  274. ;  feathering.  277. ; 
lorgan'i,  278. ;  Field's, 280. ;  American, 

I'lpin.  Denis,  28. 

Parallel  motion,  125. ;  invention  of,  123. 

Piston,  157.  172. ;  construction  of,  90. ; 
double-acting  (Watt's),  120.  ;  common 
hemp-packed,  173. ;  meiallic,  175.  ; 
Cartwright's  metallic,  178. ;  Barton's 
metallic,  179. ;  method  of  computing 
effective  pressure  on,  202. 

Piston  rod,  construction  of,  92. 

Pitch  of  screw,  286. 

Plug  fusible,  210. 

Potter,  Humphrey,  inrents  self-acting  me- 
chanism, 53. 

Power  of  engines,  217. ;  analysis  of  In 
moving  engine  itself,  228. ;  practical 
rules  as  to  adopted  by  engine  makers, 
231.  ;  general  mechanical  principles  by 
which  ought  to  be  estimated,  234.  ;  de- 
duction made  from  gross  to  obtain 
effective.  236.  ;  actual  and  nominal,  236. 

Pump  (air),  how  rod  guided  by  parallel 
motion,  128. 

Pump  (brine).  Field's,  367. 

Pump  (cold  water),  87. 

Pump  (force),  of  locomotive,  361. 

Pressure,  equalizing  varying,  102. ;  method 
of  computing  effective  on  piston,  203. ; 
Ubies  of,  223. 
Priming,  193. 

Princeton,  machinery  of   United    States 

frigate,  283. 
Propeller,  274. ;  Ericsson's,  282. ;  adapted 
to  auxiliary  steam  power,  285.  ;   screw, 
2S6.  ;  screw  renders  necessary  a  change 
in  form  of  present  marine  engine,  288. 
Puppet-clacks,  89. 

Radius  rod,  149. 

Rails.  343.  ;  edge,  343.  ;  fish-bellied,  351.  ; 
weight  and  strength  of,  352. ;  singular 
error  respecting  adhesion  to,  372. ;  Tre- 
vithick's  expedient  to  supply  supposed 
want  ofadhesion, 372.;  Blinkensop's, 373.; 
Chapman's,  373. ;  walking  engine,  373. ; 


safBciency  of  adhesion  discovered,  375.  ; 
want  of  level  of  causes  rolling  and  rock- 
ing motion,  393. ;  instrument  to  ascertain 
level  of  rails,394.  ;  results  of  experiments 
with  it,  395. ;  piling  down  on  Great 
Western,  407.  ;  method  of  laying  on 
curves,  417. 
Railway,  345. ;  origin  and  progress  of, 
345.  ;  iron  tramways,  342. ;  edge  rails, 
343.;  chairs,  344.  ;  sleepers,  344  ;  stone 
blocks,  344. ;  first  constructed  in  col- 
lieries, 345. ;  Stockton  and  Darlington, 
345.  ;  Liverpool  and  Manchester,  345. ; 
first  intended  only  for  transport  of  mer- 
chandize, 347.  ;  question  of  moving 
power  on,  347. ;  passenger  traffic  sug> 

tested,  348. ;  opening  of  Liverpool  and 
lanchester,  349. ;  rapid  construction  of 
other  lines,  350. ;  singular  error  n^ 
ipecting  adhesion  to  rail,  372. ;  expe- 
dients to  supply  this,  372. ;  sutficiency  of 
adhesion  discovered,  375. ;  gradients, 
378.  ;  must  l>e  adapted  to  speed  of  en- 
gine, 378.  ;  variation  of  resistance  on, 
378. ;  ignorance  of  resistance  on.  379.  ; 
erroneous  estimates  of  resistance  on, 
379. ;  causes  of  resistance  on,  379. ;  esti. 
mated  amount  of  resistances  on,  380.; 
erroneous  doctrines  deduced  from  wrong 
estimate,  3'<0.  ;  graduation  of,  380.  ; 
method  of  measuring  resistance  to  trac- 
tive power,  383. ;  causes  of  rolling  and 
rocking  motion  explained,  393. ;  un- 
dulation less  on  wide  gauge,  395. ; 
causes  of  pitching  motion,  396. ;  error 
prevalent  in  constructing  railways,  396. ; 
rapid  construction  of,  404. ;  gauge, 
399.  ;  Great  Western  constructed,  406.  ; 
peculiar  construction  of  Great  Western, 
407.;  curves,  414.;  method  of  passing 
sharp  curves  on  American,  417. 
Railway  (transport),  4.  ;  first  railways  only 

intended  for  merchandize,  347. 
Resistance,  necessity  of  ascertaining  vaii> 
ation  of,  on  railways,  379.  ;  prevalent 
ignorance  of,  379. ;  erroneous  estimate* 
of,  379. ;  causes  of,  379.  ;  their  esti. 
mated  amount,  380. ;  erroneous  doc- 
trines deduced  from  wrong  estimate  of, 
380. ;  method  of  measuring,  to  tractive 
power,  383. ;  method  of  experimenting 
on,  384. ;  remarkable  result  of  experi- 
ments, 384. ;  former  estimates  of  proved 
erroneous,  385. ;  increases  in  high  ratio 
with  speed,  386. ;  increases  nearly  as 
velocity,  387. ;  at  given  velocity  depends 
mainly  on  volume  of  train,  390. 
Rigley's  engines.  111. 
Road,  314.  ;  common,  314.  ;  necessary 
qualities  of,  314. ;  resistances  to  molioa 
on,  314.  321. ;  undulating,  compensating 
property  of,  318.  ;  draining,  320. ;  ac- 
clivities. 314.  321.;  gravel  or  stone,  322.  ; 
paved,  322. ;  compensation  on  ascending 
and  descending,  325. ;  inconvenience  of 
dead  level,  328. ;  expedients  for  surface 
drainage,  328.  ;  art  of  making,  329.  ; 
crust,  material  of,  330.  ;  Macadamis- 
ation,33l.;  Telfordisation,  333. ;  effect  of 
form  oi  tires  of  wheels  on,  334. ;  advan* 
tages  of  common  stone,  337. ;  French, 
338. ;  surface  must  be  adapted  to  trac- 
tive power,  339. ;  hard  and  smooth  unfit 
for  feet  of  horses,  339. ;  common,  imper- 
fectly adapted  both  to  carriage  and  trac- 
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tlve  power,  339. ;  in  streets  of  towns, 
339. ;  wood  pavement,  340. 

Rocking  engine,  274. 

Rotatory  motion,  Stewart's  project  for  ob- 
taining, 113. ;  Watt's  attempts  to  obtain, 
116. 


Safety  valve,  208. ;  invention  of,  40. ;  in- 
ternal,  211. 

Savery's  steam  engine,  32. 

Seaward's  slides,  165. ;  indicator  to  show 
saltness  of  water,  255. 

Screw  propeller,  286. ;  pitch  of,  286.  ;  slip 
of,  286. ;  paradoxical  effect  imputed  to, 
237. ;  modification  necessary  to  engine 
by  adoption  of,  288  ;  difficulties  attend- 
ing its  adoption,  288. 

Simplon,  road,  329. 

Sleepers,  344. 

Slide,  157.  159. ;  Murray's,  159. ;  applica- 
tion of  to  expansion,  162. ;  connecting 
governor  with,  i64.  ;  Seaward's,  163. 

Slip  of  screw,  286. 

Sraoke-box,  361. 

Southern's  register  of  Watt's  indicator, 
205. 

Spoil-banks,  317. 

Steam,  mechanical  effect  produced  by,  4. ; 
expansion  of,  7. ;  condensation  of,  7.  ; 
force  of,  known  to  ancients,  10.  :  Watt's 
investigation  of  properties  of,  65. ;  sub- 
stituted by  Watt  for  atmospheric  pres- 
sure, 71 . ;  latent  heat  of,  86. ;  expanding, 
99.  ;  proposed  by  Savery  as  a  prime 
mover.  111.;  mercurial  steam  gauge, 
201.;  table  of  temperature  and  corre- 
sponding pressure  of,  and  mechanical 
effect,  223. ;  mechanical  effect  of,  used 
expansively,  225. ;  table  showing  me- 
chanical effect  for  different  degrees  of 
expansion,  225.  ;  volume  of,  necessary 
for  each  revolution  of  wheels  of  loco- 
motive, 356.  ;  resistance  of  load  deter- 
mines pressure  of  in  locomotives,  356. 

Steam  engine  —  invention  of,  1. ;  mechan- 
ical virtue  conferred  by  on  coals,  3.  ; 
conflicting  claims  to  invention  of,  7.  ; 
Marquis  of  Worcester's,  22.  ;  Savery 
•  and  Newcomen's,  32. ;  Newcomen's  at- 
mospheric, 44.  47.  ;  Papin's,  44.  ;  Watt's 
first  experiments  to  improve,  60. ;  steam 
pressure  substituted  by  Watt  for  atmo- 
spheric pressure,  71.  ;  Watt"s  single- 
acting,  79. ;  expansive,  invention  of,  96. ; 
double-acting,  109. ;  proposed  by  Savery 
as  a  prime  mover.  111.  ;  Rigley's,  111.  ; 
Stewart's  project  for  obtaining  a  rotary 
motion,  113.;  defects  of  Watt's  single- 
acting  engine  as  general  mover,  115.: 
construction  and  operation  of  the  douole- 
acting,  146.  ;  Cart w right's,  175.  ;  power 
and  duty,  217.  ;  analysis  of  power  con- 
sumed in  moving  engine  itself,  228.  ; 
practical  rules  as  to  such  power  adopted 
by  engine  makers,  231 .;  general  mechan- 
ical principles  by  which  power  of  ought 
to  be  estimated,  234.;  deduction  made 
from  gross  power  to  obtain  effective 
power,  236. ;  duty  of  Cornish  engines, 
237.;  marine,  241.  ;  modification  in  ne- 


cessary on  adoption  of  screw  propeller 

288. 
Steam  packet,  71. 
Stephenson     constructs    Liverpool    and 

Manchester  railway,  347.  ;  opposes  wid« 

gauge,  404. 
Stewart,  project    for    obtaining  rotator) 

motion,  113. 
Stone  blocks,  344. 
Stuffing-box,  91. 
Subventions  to  Cunard's  steamers,  301. : 

to  other  lines  of  steamers,  304. 
Sun  and  planet  wheel  (Watt's),  118. 

Telfordisation,  333. 

Temperature  —  tables  of,  223. 

Tender,  361. 

Tramways  —  iron,  342. 

Throttle-valve,  84.  136.  ;    contrivance  to 

render  self-acting,  138. 
Trevithick  and  Vivian's  locomotive,  371.; 

expedient   to  supply  supposed  want  of 

adhesion  to  rail,  372. 
Tubes  of  locomotive  boiler,  3.58. 
Tunnel,  316. 

Vacuum,  source  of  mechanical  power,  7. ; 
invention  of  method  of  producing,  3. 

Valve,  157.  ;  safety,  40.  208.  ;  button,  89.  ; 
throttle,  94. ;  for  regulating  admission 
of  steam  to  piston,  121.;  exhaustion, 
152.;  size  of,  1-52.;  working  the,  155.; 
single  ,clack,  1.58.;  conical,  139.;  Mur- 
ray's stide,  159. ;  D,  160. 

Viaduct,  317. 

Walking  engine,  373. 

Water  —  mechanical  effect  produced  by 
evaporating  pint  of,  3. ;  vaporizing,  7.  ; 
how  heat  imparted  to,  184. ;  incon- 
venience of  use  of  sea,  in  boilers,  250. ; 
remedies  for  such  inconvenience,  252. ; 
indicator  to  show  saltness  of,  25.3. 

Watt  —  first  inventions  of,  56.  ;  birth  and 
parentage  of,  57.  ;  his  first  experiments 
on  steam,  3S<.  ;  his  first  attempt  to  im- 
prove steam  engine,  60. ;  his  investiga- 
tion of  the  properties  of  steam,  65.  ;  first 
experimental  engine,  72.  ;  becomes  a 
ci-vil  engineer,  76.  ;  connexion  with  Dr. 
Roebuck,  77.  ;  his  first  patent,  77. ;  as- 
sociated with  '.Matthew  Bolton,  78.  ;  ex- 
tension of  his  first  patent,  78.  ;  his 
single  acting  steam  engine,  78. ;  defects 
of  his  single-acting  engine  as  general 
mover,  115.;  his  attempts  to  obtain 
rotatory  motion,  1 16.;  second  patent, 1 17.; 
sun  and  planet  wheel,  118. ;  double  act- 
ing piston,  120.  ;  waggon  boiler,  185.  ; 
indicator,  204. ;  duty  of  engines  ob- 
tained by,  240. 

Wheeled  carriages,  amount  of  resistance 
toon  level  roads,  314.  321.  ;  on  gravel  or 
stone  roads,  .322.  ;  on  paved  roads,  322.; 
effect  of  form  of  tires  of,  on  roads,  334. ; 
dished  wheels,  337.  ;  purchase  of,  on 
rail  proportionate  to  weight,  3.53. 

Wood  pavement,  340. 

Woolf 's  double  cylinder,  107. 

Worcester,  Marquis  of,  20. 


THE    END. 
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Royal  r2mo.  cloth,  8s. 

TABLES  of  LOGARITHMS  COMMON  and  Tri- 
gonometrical to  five  places.  Under  the  Superintendence 
of  the  Society  for  the  Diffiision  of  Useful  Knowledge.  Foolscap, 
8va  3s. 

A  FIRST    BOOK   on    PLANE    TRIGONOMETRY. 

Geometrical  Trigonometry,  and  its  applications  to  Surveying,  with  nume- 
rous Examples.  For  the  use  of  Schools.  By  G.  W.  Hkkming,  M.A., 
Fellow  of  St.  John's  College,  Cambridge,  and  Author  of  a  Treatise  on 
the  "  Differential  and  Integral  Calctdus."  r2mo.  with  Diagrams, 
4s.  6d. 

RITCHIE'S  PRINCIPLES  of  the  DIFFERENTIAL 

and  INTEGRAL  CALCULUS,  femiliarly  Illustrated,  and  applied  to  a 
variety  of  useful  purposes.  Second  Edition.  Revised  by  J.  A.  Spbncsr, 
B.A.,  Assistant  Mathematical  Master  in  University  College  School. 
12mo.  with  Diagrams,  4s.  6d. 

RITCHIE'S  PRINCIPLES  of  GEOMETRY,  famili- 

arly  Illustrated,  and  applied  to  a  variety  of  useful  purposes.  Designed 
for  the  Instruction  of  Young  Persons.  Second  Edition,  revised  and 
enlarged.     12mo.  with  150  Woodcuts,  3s.  6d.  cloth. 

REINER'S  LESSONS  on  FOR.AI ;  or  an  INTRO- 
DUCTION to  GEOMETRY,  as  given  in  a  Pestalozzian  School,  at 
Cheam,  Surrey.     12mo.  with  numerous  Diagrams,  3s.  6d.  cloth. 


WOEKS    PRINTED    FOR 


LESSO^^S  on  NUMBER,  as  given  at  a  Pestalozzian 

School,  at  Cheani,  Surrey.  By  Charles  Reiner.  The  Master's 
Manual.  New  Edition.  12mo.  cloth,  os.  The '  Scholar's  Praxis. 
12mo.  ■2s,  bound. 

©rcffe. 
LEXICON  to  iESCHYLUS.     Containing  a  Critical 

Explanation  of  the  more  Difficult  Passages  in  the  Seven  Tragedies.  By 
the  Rev.  W.  LiNwoon,  A.M.,  M.R.A.S.  Second  Edition,  revised. 
8vo,  12s.  cloth. 

GREEK  TESTAMENT.    Griesbach's  Text,  with  the 

Various  Readings  of  Mill  and  Scholz.  Second  Edition,  revised. 
Foolscap  8vo.  cloth  6s.  6d.;  morocco,  12s.  6d. 

NEW   GREEK   DELECTUS;    being  Sentences  for 

Translation  from  Greek  into  English,  and  English  into  Greek  ;  ar- 
ranged in  a  Systematic  Progression.  Bj^  Dr.  Raphael  Kuhnkr. 
Translated  and  Edited  from  the  German,  by  Dr.  Alexander  Allen. 
Third  Edition,  revised.     ]2mo.  4s.  cloth. 

ALLEN'S  CONSTRUCTIVE  EXERCISES,  for  Teach- 

ing  Greek  from  the  Commencement  by  Writing.  Revised  and  enlarged 
by  J.  RoBSON,  B.A.,  Assistant  Master  in  University  College  School. 
Second  Edition.     r2mo.  5s.  cloth. 

LONDON   GREEK  GRAMMAR.     Designed  to  ex- 

hibit,  in  small  compass,  the  Elements  of  the  Greek  Language.  Edited 
by  a  Graduate  of  the  University  of  Oxford.  Fifth  Edition.  r2nio. 
3s.  6d.  cloth. 

PLATO.    The  Apology  of  Socrates,  Crito,  and  part 

of  the  Phaedo,  with  Notes  in  English  from  the  German.  Edited  by 
Dr.  W.  Smith.     12mo.  cloth,  4s.  6d. 

SLatm. 
The  GERMANY  of  TACITUS.     With  Ethnological 

Dissertations  and  Notes.     By  Dr.  R.  G.  Latham.     Demj'  8vo. 

NEW    LATIN    DELECTUS;    being  Sentences  for 

Translation  from  Latin  into  English,  and  English  into  Latin  ;  arranged 
in  a  Systematic  Progression,  on  the  plan  of  the  Greek  Delectus.  By 
Dr.  Alexander  Allen.     Third  Edition,  revised.     12mo.  4s.  cloth. 

LONDON  LATIN  GRAMMAR;  including  the  Eton 

Syntax  and  Prosody  in  English,  accompanied  with  Notes.  Edited  by  a 
Graduate  of  the  University  of  Oxford.  Fifteenth  Edition.  12mo. 
2s.  6d.  cloth. 
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The   PRINCIPAL  ROOTS   of  the   LATIN    LAN- 

GUAGE,  Simplified  by  a  display  of  their  Incorporation  into  the  English 
Tongne;  with  copious  notes.  By  Henry  HalL  Fifth  Edition.  12mo. 
4s.  6d.  cloth. 

CONSTRUCTIVE  LATIN  EXERCISES,  for  teaching 

the  Elements  of  the  Language  on  a  system  of  Analysis  and  Synthesis ; 
with  Latin  Reading  Lessons,  and  copious  Vocabularies.  By  John 
RoBSON,  B.A.,  Assistant  Master  in  ITnirersity  College  School.  Second 
Edition,  thoroughly  revised.     1 2mo.  6«.  6d.  cloth. 

FIRST  LATIN  READING  LESSONS;   with  com- 

plete  Vocabularies.  Intended  as  an  Introduction  to  Cxsar.  By  John 
RoBSON,  B.A.,  Assistant  Master  in  Unirersity  College  School  l'2mo. 
2s.  6d.  cloth. 

C^SAR  for   BEGINNERS.      Latin  and   English  ; 

with  the  Original  Text  at  the  end.     12mo.  3*.  6d,  cloth. 

TACITUS,   GERMANIA,    AGRICOLA,    and    First 

Book  of  the  Annals.  With  Notes  translated  into  English  from  Ru- 
FKRTi,  Passow,  and  Walch,  with  Bottiger's  Remarks  on  the  style 
of  TAcrrfB.  Second  Edition.  Edited  by  Dr.  W.  Smith.  12mo.  S». 
cloth. 

MYTHOLOGY  for  VERSIFICATION  ;   or,  a  Brief 

Sketch  of  the  Fables  of  the  Ancients,  prepared  to  be  rendered  into  Latin 
Terse.  By  the  Rev.  F.  Hodgson,  M.A.  (Prorost  of  Eton).  New 
Edition.     r2mo.  3s.  bound.     Kkt  to  Ditto.     Sro.  7s. 

SELECT  PORTIONS  OF  SACRED  HISTORY,  con- 

veyed  in  sense  for  Latin  Verses.  By  the  Rer.  F.  Hodgson,  M.A. 
(Provost  of  Eton).  Third  Edition.  I2mo.  3s.  6d.  cloth.  Key  to 
Ditto.     Royal  8vo.  10«.  6d.  cloth. 

SACRED  LYRICS  ;  or,  Extracts  from  the  Propheti- 

cal  and  other  Scriptures  of  the  Old  Testament  ;  adapted  to  Latin 
Versification  in  the  principal  Metres  of  Horace.  By  the  Rev.  F. 
Hodgson,  M.A.  (Provost  of  Eton).  r2mo.  6s.  6d.  cloth.  Key  to 
Ditto.     8to.  12«.  doth. 

GRAMMAR   of  the  HEBREW    LANGUAGE.     By 

Hyman  HcRwrrz,  late  Professor  of  Hebrew  in  University  College, 
London.  Fourth  Edition,  revised  and  enlarged."  8vo.  1 3s.  cloth.  Or 
in  Two  Parts,  sold  separately  : — Elements,  is.  6d.  cloth  ;  EriMOLOGY 
and  Syntax,  9s.  cloth. 


WORKS    PRINTED    FOE 


BOOK  of  GENESIS  in  ENGLISH  HEBREW  ;    ac- 

companied  by  an  Interlinear  Translation,  substantially  the  same  as  the 
authorised  English  version  ;  Philological  Notes,  and  a  Grammatical 
Introduction.  By  W.  Greenfield,  M.R.A.S.  Fourth  Edition.  8vo. 
8s.  cloth.  With  the  original  Text  in  Hebrew  characters  at  the  end. 
8vo.  10s.  6d.  cloth. 

AN  ENGLISH  GRAMMAR  for  the  USE  of  SCHOOLS. 

By  Dr.  R.  G.  Latham,  F.R.S.,  late  Fellow  of  King's  College,  Cam- 
bridge.    Fifth  Edition,  r2mo.  4s.  6d.  cloth. 

The     ENGLISH     LANGUAGE.       By   Dr.   R.   G. 

Latham,  F.R.S.,  late  Fellow  of  King's  College,  Cambridge.  Third 
Edition,  greatlj' enlarged.     8vo.  15s.  cloth. 

HANDBOOK  OF  THE  ENGLISH  LANGUAGE.    By 

Dr.  R.  G.  Latham,  F.R.S.     l-2mo.  cloth. 

HISTORY  and  ETYMOLOGY    of   the    ENGLISH 

LANGUAGE,  for  the  USE  of  CLASSICAL  SCHOOLS.  By  Dr. 
R.  G.  Latham,  F.R.S.     Fcap.  8vo.  Is.  Qd.  cloth. 

ELEMENTS  of  ENGLISH  GRA.ABIAR,  for  the  USE 

of  LADIES'  SCHOOLS.  By  Dr.  R.  G.  Latham,  F.R.S.  Fcap. 
8vo,  Is.  6d.  cloth. 

ELEMENTS  of  ENGLISH  GRAMMAR  for  Com- 
mercial SCHOOLS.  By  Dr.  R.  G.  Latham,  F.R.S.  Foolscap 
8yo.  Is.  6d.  cloth. 

NEW  ENGLISH  SPELLING  BOOK.     By  the  Rev. 

GoRHAM  D.  Abbott.  Second  Edition,  with  Reading  Lessons.  r2mo. 
Is.  6d. 

FIRST  ENGLISH   READER.     By  the  Rev.  G.  D. 

Abbott.     r2mo.  with  Illustrations,  Is.  9d. 

SECOND  ENGLISH  READER.     By  the  Rev.  G.  D. 

Abbott.     12mo.  2s.  6d. 

A  COLLECTION  of  POETRY  for  the  PRACTICE 

of  ELOCUTION.     Made  for  the  use  of  the  Ladies'  College,  Bedford 
Square.     By  Professor  F.  W.  Newman.     Foolscap  Bvo.  2s.  6d. 
This  Collection  of  Poetry  has  been  made  simply  with  a  view  to  facility  of  Elocution. 
The  various  pieces   of  poetry  are   selected   chiefly  from  authors  of  the  present 
century,  the  collection  is  therefore  to  a  great  extent  novel. 

SUGGESTIONS  on  FEMALE  EDUCATION.     Two 

Introductory  Lectures  on  English  Literature  and  Moral  Philosophy, 
delivered  in  the  Ladies'  College,  Bedford  Square,  London.  By  A.  J. 
Scott,  A.M.,  Principal  of  Owen's  College,  Manchester,  late  Professor 
of  the  English  Language  and  Literature  in  University  College,  London. 
Fcap.  8vo.  Is.  6d. 
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jTrtnd)  anU  Italian. 
FRE.NX'H  GRAMMAR.    Bj  P.  F.  Merlet,  Professor 

of  French  in  University  College,  London.  New  Edition.  r2nio.  5«.  6d. 
bound.  Or,  sold  in  two  Parts :  Proxcxciation  and  Accidkxck,  3s.  6d. ; 
SvN-TAX,  3«.  6d.;—{KsY,  3s.  6d.) 

MERLET'S  TRADUCTEUR  ;  or,  Historical,  Drama- 

tic,  and  Miscellaneous  Selections  from  the  best  Frknxh  Writers; 
accompanied  by  Explanatory  Notes  ;  a  selection  of  Idioms,  &:c.  New 
Edition.     I2mo   5s.  6d.  bound. 

PANIZZrS    ITALIAN    GRAMMAR.      12mo.    3s. 

bound. 

fnttrltnear  CranSlationS. 
LOCKE'S   SYSTEM    OF   CLASSICAL    INSTRUC- 

TION,  restoring  the  Method  of  Teaching   formerly  practised   in  all 

Schools.     The  Series  consists  of  the  following-  Ttiterlinear  Translations  ; 

with  the  Original  Text,  in  which  the  quantity  of  the  doubtful  Vowels  is 

denoted  ;  critical  and  explanatory  Notes,  &c. 
• ,  •  By  means  of  these  Works,  thit  excellent  system  of  Tuition  is  efiectually  restored 
which  was  established  by  Dean  Colet,  Erasmus,  and  Lily,  at  the  foundation  of 
St.  Paul's  School,  and  was  then  enjoined  by  Authority  of  the  State,  to  be 
adopted  in  all  other  public  Seminaries  of  learning  throughout  the  kingdom. 
Each  Tolume,  2s.  6d. 

1.  PH^DRUS'S  FABLES  OF  .^SOP. 

2.  OVID-S  METAMORPHOSES.     Book  I. 

3.  VIRGIL'S  -ENEID.     Book  I. 

4.  PARSING  LESSONS  TO  VIRGIL. 

5.  C-ESARS  INVASION  OF  BRITAIN. 

(Srerit. 

1.  LL'CIAN"S  DIALOGUES.     SelecUons. 

2.  THE  ODES  OF  ANACREON. 

3.  HOMER'S  ILIAD.     Book  I. 

4.  PARSING  LESSONS  TO  HOMER. 

5.  XENOPHON'S  MEMORABILIA.     Book  L 

6.  HERODOTUS'S  HISTORIES.     Selections. 

Italian. 

STORIES  FROM  ITALIAN  WRITERS :— Alfieri,   Baretti. 
Castiglioxk,  &c. 

SISMONDI :  the  Battles  of  Cressy  and  Poictiers. 

<5erman. 
STORIES  FROM  GERMAN  WRITERS. 
%•  A  Second  Edition  of  the  Essay  explanatory  of  the  System,  with  an  Outline  of  the 
Method  of  Study,  is  published.     12mo.  sewed,  price  6d. 


10  WORKS    PRINTED    FOR 


ANNUAL  REPORT  of  tlie   PROGRESS  of  CHE- 

MISTRY,  and  the  Allied  Sciences,  Physics,  Mineralogy,  and  Geology. 
Including  the  applications  of  Chemistry  to  Pharmacy,  the  Arts,  and 
Manufactures.  By  Justus  Liebig,  M.D.,  Professor  of  Chemistry  in 
the  University  of  Giessen  ;  H.  Kopp,  Professor  of  Physics  and  Che- 
mistry in  the  University  of  Giessen  ;  Edited  by  A.  W.  Hofmann, 
Ph.D.,  Professor  in  the  Royal  College  of  Chemistry,  London ;  and  Henry 
Bknce  Jones,  M.D.,  Physician  to  St.  George's  Hospital. 
.      Volume  I,  1847—48.  8vo.  15s.  cloth. 

Vol.      II.       8vo.  1 7s.  cloth. 

Vol.    III.  Part  1,  1849.      Bvo.  10s.  sewed. 

Vol.    III.  Part  2,  completing  1849.     {Just  Ready). 

TURNER'S  ELEMENTS  of  CHEMISTRY.     Edited 

by  Professors  Liebig  and  Gregory.  Eighth  Edition.  One  vol.  8vo. 
\l.  10s.  cloth.  Part  I.  Inorganic  Chemistrj-,  15s.  cloth.  Part  II. 
Organic  Chemistrj',  15s.  cloth. 

OUTLINES  of  CHEMISTRY.     For  the  use  of  Stu- 

dents.  By  "William  Gregory,  M.D.,  Professor  of  Chemistry  in  the 
University  of  Edinburgh.  Second  Edition,  revised  and  enlarged.  Com- 
plete in  one  vol.  foolscap  8  vo.,  1 2s.  cloth.  Parti.  Inorganic  Chemistry, 
5s.  cloth.     Part  II.  Organic  Chemistry,  7s.  cloth. 

PRACTICAL    PHARMACY.      The    Arrangements, 

Apparatus,  and  Manipulations  of  the  Pharmaceutical  Shop  and  Labora- 
tory. By  Francis  MoHR,  Ph.D.,  Assessor  Pharmaciae  of  the  Royal 
College  of  Medicine,  Coblentz,  and  Theophilus  Redwood,  Professor  of 
Chemistry  and  Pharmacy  to  the  Pharmaceutical  Society  of  Great  Bri- 
tain.    Illustrated  by  400  Engravings  on  Wood.     8vo.  12s.  6(i.  cloth. 

ELEMENTS   of  CHEMICAL  ANALYSIS,  Qualita- 

tive  and  Quantitative.  By  Edward  Andrew  Parnell,  Author  of 
"Applied  Chemistry;  in  Arts,  Manufactures,  and  Domestic  Economy." 
Second  Edition,  revised  throughout,  and  enlarged  by  the  addition  of  200 
pages.     8yo.  14s.  cloth. 

FAMILIAR  LETTERS  on  CHEMISTRY,  in  its  Re- 

lations  to  Physiology,  Dietetics,  Agriculture,  Commerce,  and  Political 
Economy.  By  Justus  Von  Liebig.  A  New  and  Cheap  Edition, 
revised  throughout,  with  mtiny  additional  Letters.  Complete  in  one 
volume,  foolscap  8vo.  price  6s.  cloth. 

ANIMAL  CHEMISTRY  ;  or.  Chemistry  in  its  Ap- 

plications  to  Physiology  and  Pathology.  By  Justus  Liebig,  M  D. 
Edited  from  the  Author's  Manuscript,  by  William  Gregory,  M.D. 
Third  Edition,  almost  wholly  re-written.  8vo.  Part  I.  (the  first  half  of 
the  Work),  6s.  M.  cloth.  Part  II.,  completing  the  Work,  is  expected 
shortly. 
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APPLICATIOX  to 

AGRICULTURE  and  PHYSIOLOGY.  Edited  by  Lyon  Playfaib, 
Ph.  D..  and  Wsi.  Grjcgoky,  MJ).  Fourth  Edition,  reTised.  8vo. 
10s.  6d.  cloth. 

LIEBIG'S  RESEARCHES  into  the  MOTION  of  the 

JUICES  in  the  ANIMAL  BODY'.     8vo.  5«. 

PARNELL'S   DYEING    and   CALICO   PRINTING. 

{Reprinted  from  Parnell's  "  Applied  Chemistry  in  Manufactures,  Arts, 
and  Domestic  Economy.     1844.")     With  Illustrations.     8ro.7«.  cloth. 

DR.  MUSPRATT'S   PLATTNER   on   the   BLOW- 

PIPE,  in  the  Qualitative  und  Quantitative  Examination  of  Alinerals, 
Ores,  Furnace-Products,  &c     Second  Edition.     Svo.  10*.  6</. 

OUTLINES  of  the   COURSE   of  QUALITATIVE 

ANALYSIS.  Followed  in  the  Giessen  Laboratory.  By  Hhxry  Will, 
Ph.  D.,  Professor  Extraordinary  of  Chemistry  in  the  University  of 
Giessen.  With  a  Preface  by  Baron  Liebig.  Bvo.  6». ;  or  with  the 
Tables  mounted  on  linen,  7s. 

Snttnal  {Hagnctigm. 
LETTERS  to  a  CANDID  ENQUIRER  on  ANIMAL 

MAGNETISM.  By  William  Gregory,  M.D.,  F.R.S.E.,  Professor 
of  Chemistry  in  the  University  of  Edinburgh.     One  vol.  I2mo.  9».  6rf. 

BARON  YON  REICHENBACH'S  RESEARCHES  on 

MAGNETISM,  ELECTRICITY,  HEAT,  LIGHT,  &c.  in  their  Re- 
lation to  the  Vital  Force.  Translated  and  Edited  (at  the  express  desire 
of  the  Author)  by  Dr.  Gregory,  Professor  of  Chemistry  in  the  Univer- 
sity of  Edinburgh.     One  Volume  8to.  cloth,  12«.  6c/. 

33ook^  for  ^t  mivCti. 
EMBOSSED   BOOKS   for  the   BLIND.     Bj  J.  H. 


Frerb,  Esq. 


OLD  TESTAMENT. 
Genesis,  8s. 
Exodus,  7«. 
Proverbs,  5s.  6</. 
Isaiah,  la.  6d. 

Daniel,  Esther,  and  Ruth,  5s.  6d 
Psalms,  Pan  I.  6s.  6d. 
Psalms,  Part  II.  5s.  6d. 


NEW  TESTAMENT. 
Matthew,  6>. 
Mark,  5s.  6d, 
Luke,  7». 
John,  5s.  6d. 
Acts,  7s. 

Romans  to  Corinthians,  6s. 
Galatians  to  Philemon,  5s.  6d, 
Hebrews  to  Revelations,  7s. 
Olney  Hymns,  2s. 
Five  Addresses  to  those  who  wish  to  go  to  Heaven,  Is.  6d. 


12       WORKS    PRINTEB    FOR    TAYLOR,  WALTON,    AND    MABERLY. 


moiU  on  3Propi)ecg. 

By  J.  II.  Frere,  Esq. 

COMBINED  VIEW  of  the  PROPHECIES  of  DANIEL, 

EZRA,  and  ST.  JOHN.     Second  Edition.     8 vo.  10s.  cloth. 

BRIEF  INTERPRETATION  of  the  APOCALYPSE. 

8vo.  6s.  cloth. 

GENERAL   STRUCTURE   of  the   APOCALYPSE. 

8vo.  2^.  cloth. 

THREE   LETTERS  on  the   PROPHECIES,  chiefly 

relating  to  the  Individual  Antichrist  of  the  Last  Days.     8vo.  2s. 

EIGHT  LETTERS  on  the  PROPHECIES,  viz.:  on 

the  Seventh  Vial ;  tlie  Civil  and  Ecclesiastical  Periods ;  and  on  the 
Type  of  Jericho.     8vo.  2s.  6d. 

GREAT  CONTINENTAL  REVOLUTION ;  marking 

the  Expiration  of  the  "Time   of  the   Gentiles,"   a.u.    1847-8.     8vo. 

2s.  6d. 

^tnging. 
THE  SINGING  MASTER.    Sixth  Edition  (one  half 

the  original  price).     8vo.     6s.  cloth  lettered,  gilt  edges. 

I.  First  Lessons  in  Singing  and  the  Notation  of  Music.     Is. 
II.  Rudiments  of  the  Science  of  Harmony,  or  thorough  Bass.     Is. 

III.  The  First  Class  Tune-Book.     Thirty  Siniple  and   Pleasing  Airs, 

arranged,  with  Suitable  Words,  for  Young  Children.     Is. 

IV.  The  Second  Class  Tune-Book.     Is.  6d. 
V.  The  Hymn  Tune- Book.     Is.  6d. 

The  Vocal  E.xercises,  Moral  Songs  and  Hymns,  with  the  Music,  may 
also  be  had,  printed  on  87  Cards.  Price  2d.  each  Card,  or  Twenty- 
five  for  3s. 

The  Words  without  the  Music  may  be  had  in  Three  Small  Books  :-~ 
Moral  Songs  from  the  First  Class  Tune-Book,   \d. 

: Second  Class  Tune-Book,  Id. 

Hymns  from  the  Hymn  Tune- Book,  l^d. 

FIRESIDE    HARMONY;    or.  Domestic    Recreation 

in  Part  Singing.  By  Mrs.  Herschell.  A  Selection  of  favourite  old 
Glees,  Rounds,  and  Canons  ;  arranged  to  words  suitable  for  Families 
and  Schools.     Second  Edition.     Demy  8vo.  (oblong)  2s.  6d. 

©ratoing;- 
LINEAL  DRAWING  COPIES   for  the   EARLIEST 

Instruction.  Comprising  200  Subjects  on  24  sheets,  mounted  on  12 
pieces  of  thick  pasteboard.  By  the  Author  of  "Drawing  for  Young 
Children."     In  a  Portfolio,  os.  6d. 
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